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ABSTRACT

Material handling is an intrinsic component of disaster response. Typically, first
responders, such as firefighters and/or paramedics, must carry, push, pull, and handle
objects, facilitating the transportation of goods. For many years, researchers from
around the globe have sought to enable full-sized humanoid robots to perform such
essential material handling tasks. This work aims to tackle current limitations of
humanoids in the realm of interaction with common objects such as carts, wheelbarrows, etc. Throughout this research, many methods will be applied to ensure
a stable Zero Moment Point (ZMP) trajectory to allow a robust gait while locomanipulating a cart. The examined objects range from simple carts (such as rolling
and utility carts) to challenging carts (such as wheelbarrows). This work presents a
comprehensive approach to addressing some of most convoluted material handling and
loco-manipulation problems in field of humanoid robotics. Furthermore, towards the
end of a five-year long research journey, the approach of telepresence and humanoid
embodiment, via Avatar technology, was applied in the context of loco-manipulation
and material handling. To understand the importance of this work, consider a scenario requiring human expertise to transcend the physical location of the human body
(such as a surgeon not having enough time to travel to perform life-saving surgery); an
approach—harnessing the innately long-range and precise abilities of robotic Avatar
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technologies—was successfully applied to material handling and loco-manipulation
tasks, proving that humanoids may play an integral role in the future of industrial
work, disaster response, and even life-saving surgery.
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CHAPTER 1 INTRODUCTION
Over the past decade, the entertainment industry has repeatedly depicted the
robots of the future as human-like machines that are capable of performing seemingly
superhuman tasks (amongst a wide variety of other science-fiction-like hypotheses).
Humanoid robotics focuses on the development of human-shaped robots with mobility
and manipulation skills that mirror that of humans. As the field evolved, researchers
around the globe attempted to narrow the gap in capabilities between humans and
humanoids to an indistinguishable level. While robots have entered the broad generalpurpose market in recent years, full-sized humanoid robots remain costly and limited
in their abilities. To achieve human-like abilities, humanoids require a tremendous
level of dexterity which is derived from a harmonious integration of locomotion, vision and manipulation systems. While each of these three systems may sound simple,
each one of the aforementioned systems branch into myriads of humanoid research
topics. This document aims to take the reader on a voyage into the field of humanoid
robotics, where ultimately, a showcase of five years worth of state-of-the-art research
and contributions in humanoid material-handling and loco-manipulation is discussed.
Material-handling is the use of manual, semi-automatic, and automatic equipment
to transport, store, and handle various materials (such as products, goods, and inventory). To successfully assist humans, humanoids should be able to use common
material transportation equipment such as carts, dollies, wheelbarrows, pallet jacks,
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and hand trucks. Loco-manipulation is the combination of both manipulation and
locomotion simultaneously. Such ability is crucial for useful robotic applications like
pushing carts or carrying materials.
Although wheeled robots have been around for many years, they lack some fundamental locomotive abilities. For example, whenever faced with a set of stairs, wheeled
systems are usually ineffective. For this reason, it became apparent that the ability
to walk is paramount to the advancement of humanoid robotics. Early signs of significant research in humanoid and anthropomorphic robots occurred during the dusk
of the 20th century. In late 1960s Europe, Vukobratovic introduced the first concept
of the Zero Moment Point (ZMP) which is essential for bipedal gait [1]. Furthermore,
this concept laid the foundation for walking bipedal robots. The ZMP concept was
first demonstrated at Wasewasda University in Japan [2]. To resemble human morphology, bipedal robots have a convoluted kinematic structure for lower and upper
limbs. Slow and steady research continued for the following years until the mid 1990’s
when Kajita introduced an impedance control method modeled as a system of three
point-masses via a modification of the linear inverted pendulum (LIP) model [3].
Later, Kajita’s work on bipedal robotic walking through the employment of preview
control from the ZMP laid the groundwork for lots of follow-up research, including
this very document.
The 2015 Defense Advanced Research Projects Agency (DARPA) Robotics Challenge was a prime catalyst in the driving of the significant recent improvements in
humanoid research and hardware development. This competition opened the door for
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many advancements in the field of humanoid robotics, resulting in the development
of some of the best humanoids to date. This work mainly uses a bi-product of the terrific efforts made by the participants of the 2015 DARPA Robotics Challenge via the
humanoid robot known as ”DRC-Hubo”. This dissertation seeks to push humanoid
material-handling and locomotion capabilities to unseen heights. Throughout this
work, the reader will have an opportunity to follow all of the developmental steps
taken from miniature humanoids in social robotics to full-sized teleoperated robots in
loco-manipulation scenarios. This work is a consequence of many published articles
at highly-respected robotics conferences over the past five years. Moreover, some of
the materials stemmed from this research may guide future work in this discipline for
years to come.

3

CHAPTER 2 LITERATURE REVIEW
This chapter showcases a comprehensive recitation of the history, development,
and current condition of state-of-the-art humanoid technology literature as well as a
brief examination of the technical literature regarding locomotion and manipulation
is done as well. The chapter begins with an overview of the field and the general
developments of humanoids over time (Section 2.1). The chapter continues with an
in-depth analysis of the current state of locomotion research (Section 2.2), a review of
recent advancements made in humanoid manipulation (Section 2.3), an introduction
to the concept of ”loco-manipulation” (Section 2.4), and an reflection on current developments in humanoid embodied telepresence (Section 2.5). The chapter concludes
with a brief examination of the technical literature regarding locomotion, manipulation, and the identification and tackling of the ”humanoid material-handling critical
gap” (Section 2.6).

2.1 Humanoid Evolution
From miniature to full-size humanoids, the vast advancements in both hardware
and software have catapulted the development of terrific machines (see Figure 2.1).
The journey to explore some of the world’s greatest humanoids begins in Japan. In
the late 80’s, Honda’s R&D team began significant research on bipedal humanoids

4

Figure 2.1: The main humanoids that are being discussed in this section. The robots
circumscribed with dashed-red lines (namely Darwin-OP and DRC-Hubo) were used
throughout this work.

and introduced the E0 robot, later known as ASIMO1 (Advanced Step in Innovative
Mobility) [4]. Over the years, the team developed groundbreaking research on ground
reaction, Zero Moment Point (ZMP) control, force control, and foot landing position
control to allow bipedal humanoids to walk on flat and angled terrain. In 2004, Honda
introduced ASIMO, a humanoid which had a top running speed of 1.8 mph. This
tremendous accomplishment was further improved with the introduction of the 2011
ASIMO model which reached a top running speed of roughly 5.6 mph [5]. ASIMO has
also shown material handling manipulation abilities of trays, carts, and various small
objects [5]. Later, a partnership between Honda, the National Institute of Advanced
Industrial Science and Technology (AIST), and Kawada Industries gave birth to one
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ASIMO current model specs: - Dof 57- Height 0.121 m - Weight 49.89 kg Grasping Force 0.5 kg/hand - Sensors Gyroscopes, Accelerometer, 6-axis Foot Area
5

of the best humanoids in the field to date; the Humanoid Robotics Project (HRP)
[6]. Unlike ASIMO, HRP was built for versatility, having applications in industry,
construction, and disaster relief. Among the many versions of this humanoid, the
single most influential iteration was the HRP-2Kai2 , which competed in the DARPA
Robotics Challenge (DRC) Finals in 2015 [7]. Further research, which utilized the
HRP, will be discussed at a later time.
Here in the United States, MIT developed the humanoid known as COG in 1993
[8]. Unlike their Japanese counterparts, the American researchers focused on the upper body of the humanoid rather than its lower torso. Thus, COG Project needed to
have a large variety of sensors because it was designed with the goal of closely emulating humanlike motion [8]. Additionally, several studies were conducted employing
this humanoid in the field of social robotics. When it comes to social robotics, one
must highlight the development/advancements made in France which lead to the
creation of the world’s best-selling miniature-robot, NAO3 [9]. Although NAO’s creator first intended NAO to be a social companion, researchers around the globe saw
that NAO was a reliable miniature robot. With some adjustments, NAO became a
valuable platform for research experimentation, which could be later transferred to a
full-sized humanoid. A lesser-known miniature humanoid robot developed by ROBOTIS, named Darwin-OP (today known only as OP), was used in the early stages of
2

HRP-2Kai current model specs: - Dof 30- Height 1.539 m - Weight 58 kg - Sensors
Gyroscopes, Accelerometer, 6-axis Force Sensor in a leg
3

NAO current model specs: - Dof 25- Height 0.573 m - Weight 5.48 kg - Sensors
Gyroscopes, Accelerometer, 8 Force Sensitive Resistors
6

this work and will be discussed in detail later.
Back in South Korea’s KAIST University, the Hubo Lab began to develop what
eventually became the world’s best disaster response humanoid [10]. The 2015 DARPA
Robotics Challenge (DRC) Finals winning robot, DRC-Hubo, is the main platform
that was used throughout this work. Over the years, Hubo Lab’s humanoids have
improved remarkably quickly, starting with KHR-1, followed by KHR-2, and KHR-3
[11]. In 2005, at the APEC conference, Hubo Lab formed a partnership with Hanson
Robotis and introduced Albert Hubo, a humanoid which resembled the famous scientist Albert Einstein [12]. Ten years later, HUBO 24 , (also known as Jaime Hubo)
was released and showed a massive technological advancement in the capabilities of
humanoids from the Hubo Lab [13]. Jaime Hubo became a cultural sensation and
was capable of performing various tasks from walking to dancing. In 2013, DRCHubo furthered the field of humanoid development once again by expanding bipedal
capabilities to new heights. Consequently, DRC-Hubo won the DRC and also displayed a tremendous level of dexterity [10]. One of its most relevant innovations was
the hybrid locomotion mode which allowed the robot to go from walking mode to
rolling mode and vice-versa [14]. Therefore, such an adaptability advantage allows
the operator to quickly change the robot’s locomotion method whenever the occasion
is appropriate. A similar approach on a miniature humanoid was attempted by the
author and will be discussed later (Section 5.2.1). Also, note that a full hardware
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Hubo 2 model specs: - Dof 40 - Height 1.3 m - Weight 45 kg - Grasping Force
0.5 kg/hand - Sensors Gyroscopes Accelerometer, 3-axis Force Torque Sensor
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description of DRC-Hubo will be given in section 5.1.2.

2.2 Humanoid Locomotion
There are three main systems which compose a working humanoid: sensing, manipulation, and locomotion, with the last being the focus of this section. Humanoid
robotic locomotion has advanced rapidly over the years with the cause of this remarkable progress being the pioneer work done on the Zero Moment Point (ZMP)
method developed by Kajita [15]. The general purpose of the ZMP is to maintain
stability during robotic walking by ensuring that the ZMP is within the supportpolygon. To simplify the mathematical model for bipedal robots, Kajita proposed
to initially use the Linear Inverted Pendulum model(LIP) [15]. Therefore, other approaches were derived from the LIP-based bipedal gait, such as: the Spring-Loaded
Inverted Pendulum model (SLIP), compliance/impedance control, Linear Model Predictive Control (LMPC), and whole-body control [16][17][18][19][20]. In Germany,
the concept of a LIP model, along with the reference trajectories of the center of
Gravity (CoG), was computed based on the ZMP and was used on the biped robot
Johnnie [21]. Researchers at Deutsche Forschungs Gemeinschaft (DFG) applied the
concept of representing the whole mass of the robot at the CoG in the sagittal direction. Additionally, multiple polynomial sub-functions——representing the single- and
double-support phases——are composed of the ZMP’s motion, which is responsible
for the walking gait. A deep explanation of these concepts will be given in Chapter 3.
Advances in real-time trajectory generation were later implemented on an updated
8

version of the Johnnie Humanoid, later to be called Lola5 [22]. Inspired by Johnnie’s
walking controller, Lola had improved its trajectory generation, stabilization control,
collision avoidance, angular momentum minimization, obstacle avoidance and stride
control [23]. The foot trajectories are computed via a dynamically practical CoG
trajectory for a three-point mass model generated by real-time numerical solutions
throughout spline collocation method [24].
Improving the limitations of humanoid robotic locomotion can substantially expand the ability of robots to accomplish tasks in various environments. Once stable
walking is achieved, the next natural challenge is running. Although running is not
an objective of this research, one must acknowledge and understand the current state
of humanoids that can run. While running, there is a point in time where both of
the humanoid’s feet lose contact with the ground; this is known as a flight phase
(see Figure 2.2b). Enabling a humanoid’s ability to run requires development of a
separate running pattern to account for this flight phase [25]. In addition, a robust,
responsive, and accurate controller ought be applied to achieve maximum speed and
stability while running. The running pattern generator and dynamic stability controllers are integrated to accomplish a reliable running gait. Developing a humanoid
capable of running is a research topic tackled by multiple research groups. Many
of those involved in humanoid running research have developed humanoids equipped
with various running patterns and stability controllers that enable stable running.

5

Lola model specs: - Dof 2 5- Height 1.8 m - Weight 55 kg - Sensors Gyroscopes,
Accelerometer, 6-axis Foot Area
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(a) HPR-2LR robot

(b) MARI-3 robot

(c) Toyta humanoid

(d) ASIMO humanoid

Figure 2.2: Fastest initial running humanoids according with the literature

HRP-2LR (see Figure 2.2a), a humanoid developed by Nagasaki’s team, was capable of running with an average speed of 0.16 m/s, a flight phase of 0.06 seconds,
and a support phase of 0.3 seconds [26]. (see Figure 2.2b)The humanoid from Kawamura’s team, MARI-3, was able to accomplish a flight phase of 0.110 seconds [27].
Given that a separate running pattern ought to account for the difference between
walking and running, Kajita et al. then proposed a simple inverted pendulum model
to generate such a pattern [28]. However, such a model was deemed inadequate to
describe the dynamics of a running humanoid; simulations showed that their running
pattern required improvement. Nagasaka et al. generated a real-time running pattern
based on the concept of a dynamic filter, with the constraints being the force and
moment generated by the robot [29]. Their controller was able to generate patterns
for walking, jumping, and running. Tajima et al. first calculated motion patterns for
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walking/running in place and then appended desired velocities while satisfying the
ZMP equations to achieve a fast, real-time running pattern generation [30]. However,
stable running cannot be realized without controllers due to error from high-velocity
motion. Even with an accurately generated running pattern, controllers are necessary
to address accumulating error from modeling, shock, and disturbances. Kajita et al.
proposed a controller that includes: posture stabilization, inverted pendulum stabilization, contact torque control, impact absorbing control, foot vertical force control,
and torque distribution control to stabilize running [31]. In contrast, the aforementioned work from Tajima et al. utilized compliance control to absorb shocks while
running, as demonstrated with Toyota’s humanoid (see Figure 2.2c) [30]. Furthermore, they addressed the COM trajectory that was deviating from the initial model
due to compliance control and regenerated the trajectory from sensor data to calculate new running patterns, compensating for errors during running [30]. In summary,
Honda’s Humanoid ASIMO (see Figure 2.2d) remains one of the fastest bipedal humanoids on the planet, achieving remarkable running speeds previously unseen in
humanoid development [5].
Conversely, research on bipedal humanoids in the United States historically relied
on improving dynamic walking control. For instance, Raibert et al. in 1993 investigated the application of PD control to a 5-link biped robot to design a bipedal
dynamic robotic model [32]. Moreover, Collins and Ruina et al. for years have explored the power walking concept and passive-dynamic walkers via Cornell’s biped
robot (designed for minimal energy usage) [33] [34]. Grizzle et al. proposed a study
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on actuated bipedal robot models’ asymptotically stable walking (which simplifies
the method of Poincare) for potential rough terrain walking [35]. Such work laid the
foundation for the later work performed by Westervelt et al. on the development of
bipedal hybrid zero dynamics, which inherently advanced the feedback control of the
Dynamic Bipedal Robot Locomotion Theory [36]. The concepts and theories developed by the aforementioned authors led to the creation of a plethora of highly-robust
humanoids such as Atlas, Spot, Chimp, and Cassie, among others. The humanoid
Cassie was born when Hurst et al. investigated a simple mathematical model based
on the natural dynamics of a bipedal robot named BiMASC [37]. By focusing on the
role of compliance in running gaits and the possibility of expanding control strategies utilizing mechanical springs, more efficient methods of running and walking in
humanoids were created [37].
Lastly, since locomotion is the humanoid’s ability to move from point A to point B,
roboticists opted to utilize wheeled robots for a variety of tasks and applications. One
major disadvantage with bipedal robots is fall recovery; falls are especially common
when there is a change in terrain [38][39]. Although miniature robots such as NAO
and Darwin-OP have built-in fall-recovery, the routine of walking, falling, standing,
and walking again consumes a large amount of time. Furthermore, other terrain
factors, such as slopes and cluttered pathways, represent a stability challenge for any
bipedal humanoid. When a humanoid falls, the hardware may sustain significant
damage, sensor calibration may be disturbed, and the humanoid’s locomotion will
decelerate overall. Muscolo et al. used a flexible-wheeled biped robot called ROLLO
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[40], which had the ability to traverse over variable terrain. The authors focused
on a human-like adaptation of ROLLO’s prototype rather than optimizing ROLLO’s
locomotion capabilities. Matsumoto et al. discussed the advantages of having a
wheeled biped robot, by demonstrating that such a robot could roll and also climb
stairs (see Figure 2.3a of DRC-Hubo performing stair climbing) [41].

(a) Climbing Stairs

(b) Opening Door

(c) Plowing through debris

(d) Transformer-Darwin

Figure 2.3: Highlights the importance of a locomotion hybrid humanoid capable of
going from walking to rolling position and its applications

The ability for a humanoid’s locomotion to adapt to changing terrain is an interesting challenge for ”walking-rolling hybrid” robots. Thus, a prime example of a
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humanoid with the ability to transition from walking to rolling is DRC-Hubo [10].
DRC-Hubo has wheels on its knees and feet which provide stable maneuverability over
flat terrain. This unique ability was demonstrated during the disaster scenario course
in the 2015 DARPA Robotics Challenge (DRC) Finals (see Figure 2.3c) [42]. While
in the rolling position, the DRC-Hubo gained substantial stability and was capable
of performing a wider variety of tasks (see Figure 2.3b). Inspired by DRC-Hubo’s
locomotive hybrid abilities, the author of this dissertation has modified Darwin-OP
to have a similar locomotive hybrid configuration. (see Figure 2.3d). Further applications were then explored regarding a small, locomotive hybrid humanoid within the
realm of social robotics [38][39].

2.2.1 Robot Companions in Social Robotics
Previous research performed by the author evaluated the manipulative abilities
of a miniature locomotive humanoid to make miniature robots more attractive as
consumer-robot companions [38][39]. Robot companions have primarily been developed for elderly care, medical care, and child entertainment. Studies indicate that
these socially-assistive robots improve the overall health and emotional well-being of
the elderly and socially-challenged children [43][44]. For example, Schroeter et al.
proposed a socially-assistive robot companion (Scitos G3 robot) which could interact
with elderly subjects on a daily basis, by reminding them of activities (see Figure 2.4a)
[45].
One of the most famous therapeutic robots is the seal robot, Paro (see Figure 2.4b),
14

(a) Scitos G3 robot

(b) Paro seal robot

(c) ROREAS robot

(d) NAO humanoid

Figure 2.4: Companion robots

which was proven to improve the psychological, physiological, and social statuses of
patients that interacted with it. When it comes to robot companions in the medical field, Gross et al. recently studied the performance of the ROREAS robot (see
Figure 2.4c) as a companion for patients undergoing post-stroke rehabilitation [46].
Additionally, ROREAS possess several navigation abilities, including: local navigation, 3D obstacle avoidance, 2D mapping, global path planning, etc [46]. Conversely,
Johal et al. used the miniature humanoid NAO (see Figure 2.4d), as a robot companion for children. They investigated the performance of these robots in multiple
situations. Such research is motivated by the growing trend of parents being away
15

from their children; these robot companions could help simulate the social contact
children lose due to parental absence [47].

2.3 Humanoid Manipulation
Another significant area of research within the robotics community is the manipulation of rigid, fixed, and uneven objects. Most of the literature on rigid-object
manipulation demands the manipulation of small rigid-objects. For example, Shin et
al. applied a virtual, dynamic model-based controller to allow the robot Mahru to
handle a ball like a human for dual-arm manipulation [48]. Even though humanoids
showcased impressive navigational and object manipulation skills during the 2015
DRC, only small items (distinct types of drills) were handled during the competition
[49][50][42] (see Figure 2.5).

Figure 2.5: DRC-Hubo manipulating a rigid electric drill on the “Use a tool to cut a
hole in a wall” task at the 2015 DARPA Robotics Challenge.
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While state-of-the-art humanoids like Boston Dynamics’ Atlas have showcased
impressive mobility advancements following the DRC [51], manipulation of sizable
objects remains a prominent issue for bipedal humanoids that researchers around the
world are seeking to solve.

2.3.1 Material-Handling of Large Rigid Objects
Material handling entitles the short distance transportation of materials often via a
wheeled cart. This dissertation treats material handling as a dynamic interaction with
any moving rigid (or non-rigid) object (Section 2.3.3). Although object manipulation
has been widely explored within the community, the transportation of materials via
a wheeled cart remains an open challenge. The mundane, seemingly-simple task of
pushing a utility cart maybe be less convoluted for mobile robots than their humanoid
counterparts (see Figure 2.6) [52][53][54][55]. Unlike humanoids, mobile robots are not
usually affected by external disturbances, allowing researchers to focus more on visionbased experiments such as path planing, image processing, and obstacle avoidance
among others [52][54]. Due to the nature of humanoid locomotion, transporting rigid
objects via wheeled carts is a difficult task. For instance, Takubo et al. utilized the
aforementioned humanoid (HRP-2) push a utility cart with a 12 kg paper box[53].
In order to facilitate the implementation of the Complement Zero Moment Point
(CZMP), the authors assumed a static balance. Therefore, the authors suggested an
approach that controls each joint, by taking the whole-body and angular momentum
into account . In addition to this, simulations using custom modified controllers on
17

OpenHRP revealed a significant discrepancy when compared the actual Center of
Mass (CoM) versus the desired CoM positions [53].

(a) HPR-2 cart

(b) HRP-2 cart

(c) wheelchair robot

(d) HRP-2 wheelchair

Figure 2.6: Robots performing Material-Handling tasks

Nozawa et al. used the HRP-2 to push a person seated in a wheelchair with a
max load of 90 kg (see Figure 2.6d) [55]. The authors achieved this by proposing a

18

dual-arm force controller which ensured a full, balanced body by carefully treating
the reaction forces from both hands. They proposed a controller which attempts to
predict the frictional forces via the saturation of filtered reaction forces. In addition,
they found a 50.89% hand position error while the robot performs rotary wheelchair
pushing [55]. As mentioned earlier, miniature robots are often used for validation
testing. Thus, to illustrate rolling and utility carts pushing, Hawley et al. utilized
a NAO robot to evaluate the external forces on the robot’s wrist during rolling cart
pushing (load of 5 Kg) [56]. They applied a Linear-Inverted Pendulum model (LIPM)
to obtain the walking pattern.
This dissertation will present the different approaches chosen to tackle aforementioned challenges with material handling, notably when manipulating ”DynamicallyDistinct Pushed Carts”, for example utility carts, shelving carts, shopping carts, and
wheelbarrows. Additionally, an extra layer of complexity is added to allow an operator to interact with the moving carts which were not previously encountered by the
robot in virtual reality. In conclusion, to manipulate large, rigid, moving objects, the
following is needed: a robust walking pattern, reliable whole-body kinematics, and
seamless teleoperation.

2.3.2 Whole-body Kinematics
Whole-body kinematics and motion control have been explored well by the robotics
community [57][58][59]. Farshidian et al. applied whole-body motion control of a
torque-controlled quadruped (HyQ) [57]. The authors used an approach which mon19

itored the contact forces and tracked the desired trajectory of the Center of Mass
(CoM). Furthermore, Farshidian et al. introduced an Internal Model Control (IMC)
which guaranteed stable walking and reduced both trajectory planning and the stabilizing feedback of the controller’s dependencies. Additionally, several experiments
were conducted to validate the superior proposed method when compared with the
PD control in the robot’s joints.
Hongkai et al. proposed a full kinematic model to enforce the geometric contact
conditions. Moreover, the authors treated the Contact Wrench Sum (CWS) and conventional Zero Moment Point (ZMP) criteria as a nonlinear trajectory optimization
problem [58]. Thus, the results of their simulated experiments were conducted using
the humanoid Atlas. Atlas had to jump off of a box, periodically run, and swing
itself around on a set of monkey-bars [59]. Conversely, Mistry et al. evaluated the
humanoid SARCOS’ full body kinematics by assuming a fixed inertial frame equivalent to a general representation for humanoid control [60]. This was initially achieved
by the application of Inverse Kinematics (IK) via floating base Jacobians. It became
evident that the conventional Jacobian may generate singularities which interfere
with the IK calculations. Thus, several approaches to avoid such issues have been
explored. For example, Mistry et al. successfully showed that the floating-Jacobian
method could represent basic whole-body control. Yan et al. pursued a real-time gait
by generating methods capable of avoiding singularities and joint limits [59]. Yan et
al. implemented Modified Tension Splines (MTS) in order to generate smooth walking
trajectories. Furthermore, they implemented the Fixed Leg Jacobian (F-Jacobian)
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in order to reduce singularity issues and joint collisions from conventional Jacobian
calculations. As a result, the authors reduced computational time by 33.55% with
an error of 2 mm to 0.0002 mm. Several researchers have attempted to tackle such
a problem under a high variety of situations [61][62][63]. For instance, Nozawa et al.
proposed a whole-body motion control method using an online force estimation of an
object. They showcased real-world experiments utilizing the HRP-2 humanoid as it
lifted and manipulated a series of heavy objects [64]. Conversely, Harada et al. used
the same humanoid to attempt to push objects using real-time gait generation for a
given ZMP trajectory [65]. The inverted pendulum model was adapted to obtain the
ZMP trajectories. Harada et al. found, via simulation, that the heavier the object,
the slower the robot’s pace. Note that (Section 4.1) will explore the derivation of the
whole-body kinematics for the humanoid DRC-Hubo in detail.

2.3.3 Material-Handling of Semi-Rigid and Non-Rigid Objects
Natural disasters, such as earthquakes, wildfires, and tsunamis, among others,
occur worldwide and impact millions of lives. These disasters cause city-wide power
outages, immense property destruction, and prevent impacted civilians from receiving necessities such as food and water [66]. Therefore, humanoids must be able to
respond accordingly by replenishing supplies such as first aid kits, water containers,
and food. Additionally, during disaster response scenarios, humanoids should be able
to act promptly by handling a variety of semi-rigid tools. For instance, Alpizar et al.
utilized HRP-2 to carry a fire hose (which can be considered a semi-rigid object). In
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order to handle the hose, the authors implemented hybrid and impedance controllers
on the humanoid’s wrist to improve balance after water was released from the fire
hose [67]. The authors utilized a walking pattern generator which allowed the humanoid to self-balance while walking as well as compute both the foot transitions and
the center of mass trajectories. Finally, Alpizar et al. simulated the dynamics of the
hose and the HRP-2 robot in OpenHRP [67]. Even mundane, repetitive chores for
humans—such as folding towels—proved to be a tremendous challenge for humanoids,
as tasks like folding towels primarily consist of manipulating dynamically-convoluted
non-rigid materials (due to the high flexibility and low slip of the towels). Miller
et al. presented an algorithm which obtains a 2D cloth polygon and utilizes the
gravity-fold approach to fold the clothes [68]. The HRP-2 robot was able to fold towels on a 200 s average with a 100% success rate. The fascination in non-rigid body
manipulation resulted in two research ventures: walking (Section 5.3.1) and stairclimbing (Section 5.3.2) while material-handling water containers. Understanding
fluid sloshing dynamics becomes paramount in tackling the intricacies of such problems. Most of the research being done on sloshing suppression uses a single robotic
arm [69][70][71][72]. Sloshing dynamics can be consistently problematic when being
handled by full-sized bipedal robots due to their fragile stability. Aribowo et al. investigated sloshing suppression for point-to-point motion in a three-dimensional working
space which aimed to improve how service robots handled fluid containers [70]. The
authors have approached the problem by using cubic spline algorithms and optimization schemes to reduce vibrations. A spherical pendulum model was implemented
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and the numerical sloshing simulation model was utilized, with the latter simulating
the response of the trajectory [70]. By using the Mitsubishi PA 10-7C robot arm,
Aribowo et al. successfully reduced the sloshing of small vessels by approximately
73% (occasionally reducing sloshing up to 78%) [70]. Conversely, Reyhanoglu et al.
addresses the sloshing dynamics problem by using a multi-mass-spring model [71].
This research employs a 3-DoF Prismatic-Prismatic-Revolute (PPR) robot which is
controlled through Lyapunov-based feedback controllers. Once again, the primary
goal here is a fast robotic delivery of an open container of liquid from service robots
[71]. The authors successfully simulated the convergence of the slosh states to reach
rapid equilibrium. Another example involves manipulation of biochemical and other
hazardous liquids using an industrial robotic arm. Moriello et al. sought to reduce
sloshing through vibration suppression for a second-order system by using a spherical
pendulum mechanical model [72]. The authors utilized a feed-forward approach to
mitigate sloshing via the Comau Smart5 Six industrial manipulator [72].

2.4 Loco-manipulation Locomotion + Manipulation
Humanoids are capable of performing a variety of tasks because of the incredible
dexterity they posses. As previously mentioned, extensive research has been done on
improving humanoid manipulation skills [73][74][75]. However, when manipulation
implicitly requires the addition of locomotion (e.g. pushing a cart), this process becomes loco-manipulation [76]. The term loco-manipulation, first coined by Asfour et
al. [76][77], refers to the combination of locomotion and manipulation for full-sized
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humanoids. When it comes to wheeled robots, they have a clear stability advantage
when compared to two-legged humanoids. This can be seen in Kaiser’s et al. work,
where a wheeled service robot was used to study environmental awareness by implementing the concept of affordances6 [77][78]. The authors first demonstrated the
robot’s ability to push and lift large objects, then expanded the robot’s existent capabilities by improving its visual perceptual pipeline OACs (Object Action Complexes)
to identify primitive environment shapes (planes, cylinders and spheres) [77][78]. Although this would be a simple task for wheeled robots, bipedal humanoids struggle
to move and manipulate objects simultaneously. Even tasks which seem mundane to
humans become a challenge for bipedal robots. An example of a simple task which
captivated roboticists over the years is opening a door. Dalibard et al. initially observed that the robot must come to a complete stop before attempting to open a
door [79]. Thus, they approached whole-body motion planning to study the challenge of a humanoid opening a door [79]. Additionally, these types of tasks require an
appropriate contact force distribution compliance which can normally be addressed
by whole-body loco-manipulation [80]. Finally, one of the key elements of this work
is achieving stable walking gait by introducing whole-body loco-manipulation while
pushing a wide range of different carts.

6

affordances describe the perception of action possibilities
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2.5 Avatar-Robotics Exploring Humanoid Embodiment and Telepresence
Over the years, humanoid manipulation has achieved significant strides. Historically, researchers studied human movements to later replicate them with humanoids.
It is clear, when observing pre-programmed actions, that humanoids in particular cannot fully move their arms with the same level of dexterity and smoothness as their
human counterparts. Even if humanoids are being operated by humans, the outcome
is fairly limited. Thus, for decades, roboticists have attempted to narrow the gap
when it comes to precise, effective, teleoperation manipulation. Additionally, one of
the main reasons why operators find it counter-intuitive to operate robots is due to
the complexity of the control interface. Therefore, towards the end of this research,
the author seeks to address the aforementioned issues by developing a system which
adds direct ”human intuition” to achieve true embodied telepresence.
Recently, researchers have explored the applications and implications of robotic
telepresence, specifically pertaining to locomotion and manipulation [81][82][83]. Michaud
et. al. used a rolling tank bot which aimed to assist tasks at home. The authors
focused on addressing the locomotion and navigational challenges and saw that small
objects found in a standard home environment present a challenge for a robot’s locomotion [84]. Similarly to the aforementioned work, Koceski’s et. al. approach
utilizes a desktop-type control interface to operate the chosen robot. The 4-wheeled
robot could both move and proactively interact with its environment using a twofinger manipulator willed by the operator [85]. Note that a recurring trend is to have
rolling robots interact with others at a limited capacity; moreover, the physiology and
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dexterity of the robot aren’t considered. As a result, the human operator can only
interface via a computer application instead of a true ”Avatar State” and become the
robot. That is one of the gaps which this dissertation focuses tackling.
The evolution of humanoid teleoperation techniques have progressed over the
years. Miller et. al. researched the efficiency of a motion capture approach via
Inertial Measuring Unit (IMU) sensors. Furthermore, the authors utilized the NASA
Robonaut to receive joint data from the IMU-based control suite and further confirmed their new robust approach when compared to existing motion capture techniques [86]. With the advancements of seamless tracking technology, such as the
kinect sensor from Microsoft, Song et. al. aimed to teleoperate a small humanoid
[87].

2.6 Identifying and Addressing the Critical Gap
Although the current technology for locomotion and material handling has been
studied by researchers, there is still significant room for improvement. Humanoids will
continue to have a positive impact on our lives. In the near future, trained firefighters
will be able to teleoperate humanoids from a safe environment to save lives during
a disaster without risking their own. As researchers around the world improve the
locomotion, manipulation, and sensing skills of humanoids, such machines will be
present in several sectors of our society, working side-by-side with humans. At this
point in time, humanoids are still limited to performing otherwise common tasks such
as handling semi-rigid objects and interacting with transport carts. Many studies over
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the years focused solely on autonomous humanoid applications, when in reality, having
an expert human operator could readily provide the dynamic, complex skills needed
in a variety of applications in industry, agriculture, logistics, distribution centers, and
construction, military, among others. A certified expert in their respective field could
simply assume an avatar state, operate a humanoid, and do their job from miles away.
This becomes the pinnacle of this research, as material handling and locomotion
are, by themselves, difficult tasks for a humanoid to perform on its own. Imagine
a future where humanoids could handle transporting objects while simultaneously
walking around variable terrain. Once that is achieved, can these new abilities be
applied in a way where an operator could assume control of the robot and eventually
perform a given complex task? Throughout this work, one will notice that although
cart-pushing can be demonstrated pure autonomously (where the robot already knows
the cart’s shape/dimensions), this approach limits the types of carts and cart-like objects that can be operated by the robot. In summary, after five years of working with
humanoids, the author has researched the integration of miniature humanoids for
social robotics applications [38][39], implemented an optimal ZMP control to carry
semi-rigid objects [88], studied the sloshing dynamic effects for a humanoid climbing
stairs while holding water containers [89], applied a capture-point walking method to
observe its effectiveness while handling carts [90][91], implemented whole-body kinematics to extend material handling capabilities for highly dimensional challenging
carts [92], and finally, used VR technology to integrate material handling advancements for a human-operated avatar application within a construction scenario [93][94].
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This dissertation showcases several methods implemented over the years that advance
humanoid material handling and locomotion capabilities.
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CHAPTER 3 HUMANOID LOCOMOTION
3.1 Zero Moment Point
The Zero-Moment Point (ZMP), first derived by Vukobratovic [1], describes the
stability of a humanoid via the analysis of the ankle’s torque with respect to the
reaction force on the base of the foot. As long as the ZMP is within the support
polygon (usually a representation of a humanoid’s foot sole), the robot cannot fall
over as the resulting moment acting on the foot is zero.

Figure 3.1: Biped mechanism and forces acting on its foot during static equilibrium

Figure 3.1 assumes no slipping and that the foot (when flat on the ground) is in
static equilibrium. Pa , Fa , and Ma describe the position, force, and moment acting on
the ankle respectively, Pr , Fr , and Mr are equivalent to the aforementioned (but with
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respect to the reaction point instead), d⃗a and d⃗r are the vectors that point from the
origin to the ankle and the reaction point respectively, and mfoot g is the gravitational
inertia of the foot. In order to obtain dynamic equilibrium, both Mrx and Mry must
be equal to zero. As long as the ground reaction can be reduced to Fr and Mrz , Pr
represents the ZMP. Hence, the ZMP can be computed, assuming static equilibrium
on the supporting polygon, as

0
X 
>
= Fr + Fa + mfoot g
F

(3.1)



X *
0
⃗ × mfoot g + Ma + Mrz + d⃗a × Fa = 0
M
= d⃗r × F⃗r + dCoG



(3.2)

⃗ is the vector between the arbitrary coordinate system’s origin and
Note that dCoG
the foot’s center of gravity (CoG). Therefore, if the origin of a Euclidean space is at
the center of the convex envelope, and by disregarding mfoot and Mrz , the ZMP is
computed by Eq 3.2 as

ZM P × F⃗r = −Ma

(3.3)

In order to obtain a general equation for the ZMP, the n number of joints, as seen
on figure 3.2, may be equated via the Newton and Euler equations.



F⃗a = Ṗ − 0 0 −mtotal g
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T
(3.4)

Figure 3.2: Biped general joint representation during a single step phase (SSP) as
well as its equivalent force reactions


T
⃗
τ⃗a = L̇ − dCoM × 0 0 −mtotal g

(3.5)

Note that F⃗a , τ⃗a , Ṗ , and L̇ are the 3 × 1 matrices for force vectors, torque vectors,
the linear momentum derivative, and the angular momentum derivative, respectively.
Moreover, mtotal =

Pn

i=1

mi is the total mass of the joints.

Ṗ =

n
X

mi r̈i

(3.6)

i=1

Assuming ṙi and mi ṙi are parallel, then the angular moment is given by

L̇ =

n
X

[(ri × (mi ẍi )) + Ri Ii RiT ω̇i ]

i=1
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(3.7)

where ri is the position, mi is the mass, Ri is the rotation matrix, Ii is the inertia
tensor, and ωi is the angular velocity with respect to a given joint i. Furthermore,
given the horizontal reaction force offsets F⃗ax and F⃗ay , then F⃗az is the only force
remaining. By swapping Fr to F⃗a and Ma to τ⃗a along with the assumption that the
ZMP in the z − axis is zero, the following formulation can be obtained:












Ṗx
ZM Px  
 −L̇x − mtotal g rCoMy 

 
 


 
 

ZM P  × 
 = −L̇ − m

g
r
Ṗ


  y
y
total
CoMx 
y

 
 


 
 

ZM Pz
−L̇z − mtotal g rCoMz
Ṗz + mtotal g

(3.8)

Finally, after computation, equations 3.9 and 3.10 represent the general formulation of the humanoid’s ZMP in the x and y directions respectively.

ZM Px =

ZM Py =

L̇y + mtotal g rCoMx
Ṗz + mtotal g

L̇x + mtotal g rCoMy
Ṗz + mtotal g

(3.9)

(3.10)

In conclusion, a humanoid will be dynamically and statically stable given the ZMP
condition is satisfied.

3.1.1 Linear-Inverted Pendulum and Cart-Table Dynamic Models
Walking bipeds have a highly-convoluted dynamic locomotive structure. Therefore, a simplified model is often a reliable approach. Given the simplified LIPM and
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Cart-Table mashup diagram (Figure 3.3) we can represent the entire humanoid solely
by a single point composed of its total mass mtotal at its Center of Mass (CoM) [95].

Figure 3.3: Linear-Inverted Pendulum Model (LIPM) and Cart-Table models unification diagram

By equating the sum of all the forces around the origin, one can obtain

mtotal l2 θ̈ = mtotal g l θ − τy

(3.11)

Thus, if the height of the CoM is constant, and Zc ≈ l, then stability is achieved
[95][15]. Assuming that the center of mass is constrained to move along a horizontal
plane, 3.12 is derived

ẍCoM =

g
τy
xCoM −
Zc
mtotal Zc
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(3.12)

Similarly, the same can be found for ÿ. Given equation 3.9, one can treat the ZMP
to be torque over force. Thus ZM Px = −τy /mtotal g and Equation 3.12 becomes

ZM Px = xCoM −

Zc
ẍCoM
g

(3.13)

Considering the Cart-Table model and the computation of the forces at the ZMP
given by Equation 3.14,

τ ZMP = mtotal g (xCoM − ZM Px ) − mtotal ẍCoM Zc

(3.14)

In order to obtain stable gait, τ ZMP ≈ 0. By eliminating τ ZMP in Equation 3.14,
Equation 3.13 is derived, confirming the approach of the models [95].

3.1.2 ZMP Walking Pattern Trajectories
First, the trajectory of the CoM is dependent on the trajectory of the ZMP; the
latter is determined by desired step size and time. Furthermore, the goal is to have the
ZMP reference equations (via Fourier Transformation (FFT)) solved in the frequency
domain. After this, applying the inverse will yield the resulting CoM trajectory in
the time domain.

dẍCoM
= ux
dt
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(3.15)











 

xCoM  0 1 0 xCoM  0
  

 

 

  
d 
ẋ
 = 0 0 1 ẋ
 + 0 ux





 
CoM 
dt  CoM  

  

 

  
ẍCoM
0 0 0
ẍCoM
1

(3.16)

Given ux 1 is a time derivative of the horizontal CoM’s acceleration, then the
dynamic system of the ZMP can be represented as




xCoM 





ZM Px = 0 0 − Zc 
ẋ
 CoM 
g




ẍCoM


(3.17)

Consequently, equations are ought to be discretized with a sampling time of T
in order to obtain pattern generation via preview control 2 . Figure 3.4 showcases
the control system that generates the walking pattern by tracking the ZMP from the
Cart-Table dynamics(Eqs. 3.16 and 3.17) [95][96][15].
Moreover, equations 3.16 and 3.17 are discretized as

x(k + 1) = Ax(k) + Bu(k),
(3.18)
ZM P (k) = Cx(k)
where
1

Consider ux as Eq. 3.13’s input

2

The subscript CoM on xCoM is no longer utilized beyond this point as the next
steps aimed towards the derivation of the method’s general form
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Figure 3.4: Pattern generation during ZMP tracking control

T



x(k) = xCoM (kT ) ẋCoM (kT ) ẍCoM (kT )

,

u(k) = ux (kT ),

(3.19)

ZM P (k) = ZM P (kT )







3

2

T /6
1 T T /2














Z
A = 0 1
T  , B = T 2 /2 , C = 1 0 − gc








0 0
1
T

(3.20)

Next, the performance index J is defined as

J=

∞
X

Qe e(i)2 + ∆xT (i) Qx ∆x(i) + R ∆u2 (i)

i=k
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(3.21)

where Qe = I, R = 1 × 10− 6 I, and Qx is a 3 × 3 symmetric, positive, semi-definite
matrix3 . Note that the error is computed as the real ZMP minus its reference ZMP
e(i) = ZM P (i) − ZM Pref (i). Moreover, the addition of the integral in the control
via ∆u(k) = u(k) − u(k − 1) ensures the augmentation of the system4 . Thus, the
state dynamics in their augmented matrix form can be shown as [96].




ZM P (k)

x̃(k) = 


∆x(k)

(3.22)

x̃(k + 1) = Ã x̃(k) + B̃ ∆u(k)

(3.23)

ZM P (k) = C̃ X̃(k)

(3.24)

where











I C A 
C B 




Ã = 
 , C̃ = I 0 0 0
 , B̃ = 
0 A
B

(3.25)

Therefore, given each future step Nl at a sampling rate of T = 200Hz, the ZM Pref
can be found [95]. Additionally, in order to minimize equation 3.21, the optimal

3

I is the identity matrix and Qx = O3x3

4

Additionally, ∆x(k) = u(k) − u(k − 1)
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incremental control is defined as:

u(k) = −Gi

k
X

e(k) − Gx x(k) −

Nl
X

Gp (j) ZM Pref (k + j)

(3.26)

j=1

i=0

Figure 3.5: Matlab Preview controller gain Gp

where Gi and Gx are the optimal gains obtained by the computation of the Algebraic Riccati Equation5 [96]. Furthermore, Gp (j) is the previewed optimal gain,
as seen in Figure 3.5. The following assumptions were made: DRC-Hubo’s height
Zc = 0.8m, sampling time T = 0.005s, step size sd = 20cm, Single-Support Period
TSSP = 0.1s, Double-Support Period TDSP = 0.8s, distance between the convex hull
dsp = 10cm, and the number of steps Ns = 4. The ZMP and CoM trajectories are
generated using two different previewing periods as shown in Figures 3.6 and 3.7.

5

Contact the author to obtain the Matlab code for full derivation details
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Figure 3.6: Given a shorter previewing period of T ∗ Nl = 0.8s : stride x-ZMP &
CoM trajectories (left), sway y-ZMP & CoM trajectories (right)

Figure 3.7: Given a longer previewing period of T ∗ Nl = 1.6s : stride x-ZMP & CoM
trajectories (left), sway y-ZMP & CoM trajectories (right)

3.2 LIPM Using Capture Point Dynamics Applied to Cart Pushing
A crucial part of stable locomotion while material handling was achieved via a
modified Linear-Inverted Pendulum Model (LIPM) method. These modifications involve a Capture Point (CP) mitigating external forces alongside a classical preview
control walking scheme. Furthermore, the proposed approach integrates arm compliance via a friction compensation method (Section 6.1). The objective is to have
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the proposed method be compliant with several cart types without stressing the humanoid’s physical limitations. In order to validate the proposed modified approach
(as well as the humanoid’s overall mobility), experiments were performed in simulation and on hardware. Figure 3.8 showcases forces analysis on the humanoid’s wrist
during rolling cart pushing routine.

(a) Rolling Cart

(b) Utility Cart

Figure 3.8: Reaction forces from the cart and load alongside with the LIPM in the
sagittal plane

First, as mentioned earlier, the humanoid’s ZMP has to ensure the desired CoM

40

trajectory is achieved even when subjected to external disturbances. Furthermore,
consider the LIPM in an instance where the humanoid has one foot on the ground
(Single-Support Phase (SSP)). For example, Figure 3.8 depicts the supporting foot
and the CoM of the humanoid connected to the LIPM [15]. Next, consider a rolling
cart6 with its known properties; the formulation of its motion is given by Equation
3.28. Moreover, given an single point mass and a constant vertical CoM position
(Fig.3.8a), the center of mass acceleration can be equated as:

ZM P x = xCoM +

F cart Zc ẍCoM Zc
−
g Mc
g

(3.27)

F rolling,cart = Ml (ẍCoM + µ g)

(3.28)

F utility,cart = Ml lh cos(θh )(ẍCoM + µ g)

(3.29)

where Zc , ẍCoM , ZM P x , F cart , Ml , g, are: the CoM’s height of the, the CoM’s
acceleration in the x-axis, the ZMP’s location in the x-axis, the cart’s force, the
load mass, coefficient of friction, and the acceleration of free fall, respectively. The
illustrative CP located on Figure 3.8 describes the point on the floor where the robot
has to step on in order to come to a complete stop (Double Support Phase ”DSP”)
[97]. The CP is calculated as

6

Similarly the utility cart simplified equation of motion is represented by Eq.3.29
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CPx = xCoM +

1
ẋCoM
ω

(3.30)

where CPx represents the CP position on the x-direction and ω =

q

g
.
Zc

It is

important to observe that a stationary state is achieved when the LIPM’s CoM is
located exactly in the CP position. Therefore, CPx ’s derivative with respect to time
is zero [98]. Hence, one may merge Equation 3.27 with the derivative of Equation
3.30, which results

˙ x = ω (xCoM − ZM P x ) + F cart
CP
ω Mc

(3.31)

Additionally, considering a variable CP state, the general system dynamics can
be computed as














 

ẋCoM  −ω ω  xCoM   0   0  F cart
+ + 
=


     Mc
 


˙ x
−ω
ω
0 ω
CP x
CP

(3.32)

Upon computation, a positive eigenvalue is found for Equation 3.31, causing instability [97]. Thus, an analytical approach is appropriate, and the target capture
point is computed by

CP x,k+1 = e

ω st



F cart
CP x,k +
Mc



+ ZM P x,k (1 − eω st )

(3.33)

where ZM P x,k , CP x,k and st are: the ongoing ZMP in x-direction, the ongoing
capture point and the step time, respectively. The ZMP formulation is updated, and
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given by:

CP x,k − eω st
ZM P x,k =



CP x,k +

F cart
Mc



1 − eω st

(3.34)

In order to mathematically verify the proposed method, a Matlab validation is
appropriate. Note, the cart’s force can be estimated via the force-torque sensor’s
(humanoid’s wrist) data. Figure 3.9 showcases the model validation in the sagittal
plane (x-axis). The target CP is shown in blue, and its behavior, was calculated as
expected [97].

Figure 3.9: CP, reference ZMP and CoM position in x
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CHAPTER 4 HUMANOID MANIPULATION
4.1 Whole-body Kinematics
First, a common reference point must be established. The center of the waist is
an ideal position (Figure 4.1 Joint (8)) for the origin.

Figure 4.1: Joint and coordinate system model of DRC-Hubo used to obtain DH
parameters.

Therefore, the whole-body kinematics were obtained via forward kinematic calculations of each limb individually. Later, the whole-body kinematics were related to
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the reference point. Thus, the forward kinematics of each limb end-effector (with respect to the reference point) can be computed via Euler transformations, quaternions,
or Denavit-Hartenberg (DH) parameters (Table 4.1)1 where the latter was the chosen
method [99][100]. Additionally, by calculating one side of the body, the opposite side
can be easily derived due to the symmetry about the sagittal plane.

Table 4.1: Left arm DH parameters
Jointi

θi

αi

ai

di

LSP (1)

0

-π/2

0

0

LSR (2)

π/2

π/2

0

0

LSY (3)

π/2

π/2

0

-L2

LEB (4)

π/2

-π/2

0

0

LWY (5)

0

π/2

-L3

0

LWP (6)

-π/2

π/2

0

0

LWY2 (7)

0

π

0

-L4

DH parameters use a set of rules, alongside certain rotations and translations,
to describe the pose of the manipulator using only the following four parameters:
(θi , αi , ai , di ). One of the parameters will remain variable while the other three will
remain constant. If the joint is revolute, θi is the variable. If the joint is prismatic,
the variable will be di . In this case, all of the joints are revolute. Figure 4.1 shows a
diagram of DRC-Hubo’s joints and the coordinate system applied to each joint. This

1

Hubo linkage dimensions (mm) L1 = 240; L2 = 350; L3 = 340; L4 = 158; L5 =
105; L6 = 400; L7 = 380; L8 = 25; L9 = 110.
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Table 4.2: Left leg DH parameters
Jointi

θi

αi

ai

di

WST (8)

0

0

L5

0

LHY (9)

0

π/2

0

0

LHR (10)

π/2

π/2

0

0

LHP (11)

0

0

-L6

0

LKN (12)

0

0

-L7

0

LAP (13)

0

-π/2 -L8

0

LAR (14)

0

0

-L9

0

diagram, along with HUBO’s limb dimensions, are then used to directly calculate the
DH parameters (Tables 4.1 and 4.2).

4.1.1 Inverse Kinematics
In order to compute the end-effector positions (with respect to the joint trajectory), inverse kinematics is applied. This is achieved via the inverse Jacobian method
to solve for joint angles given the end-effector coordinates and orientation in space.
Equation (4.1) illustrates the end-effector velocity ẋ as a function of the joint angle
velocities q̇.

ẋ = J q̇

(4.1)

q̇ = J † ẋ + N N † qns

(4.2)

or,
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Where, J † is the pseudo-inverse of the Jacobian 2 , and N N † is the nullspace of the
Jacobian multiplied by some arbitrary joint velocity vector qns . The general Jacobian
representing each individual limb is given as follows




zi−1 (P − pi−1 ) ... zn (P − pn )

Jlimb = 


zi−1
...
zn

(4.3)

where P is the end-effector position with respect to the base, pi−1 is the position of
each joint with reference to the base, and zi−1 is the z-axis vector of each joint. The
Jacobian can be calculated separately for each limb and combined to form a larger
Jacobian matrix3 .



Jbody



0
0 
JLL 0




 0 J
0
0 


RL

=


 0
0 JLA 0 






0
0
0 JRA

(4.4)

Solving for the pseudo-inverse of the Jacobian can be done using several methods.
The most common method uses the Moore-Penrose inverse. Other methods (such as
using the Jacobian transpose instead) may also be applied. Therefore, a Weighted
Least Norm (WLN) method is used alongside the Moore-Penrose inverse to provide a
solution to Equation (4.2) for joint limit avoidance. Furthermore, Equation (4.5) describes a performance criteria used for the aforementioned joint limit avoidance. This
2

Unless J † is square, which is then just the inverse J −1

3

LL, RL, LA, RA are left leg, right leg, left arm, right arm respectively
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applies a weight which increases infinitely near the joint limits and at its intersection
at the middle of the joint [101][59].

H(q) =

n
X
1
i=1

(qi,max − qi,min )2
4 (qi,max − qi )(qi − qi,min )

(4.5)

Let an n × n weighting matrix composed of diagonal terms wi be defined as




w1 0 . . . 0 




0 w

0


2


W =

. . . .. 
 ...
.





0 0 . . . wi

(4.6)

where,
wi = 1 +

∂H(q)
∂qi

(4.7)

Additionally, the partial derivative of H(q) with respect to qi is computed as follows.

∂H(q)
1 (qi,max − qi,min )2 (2qi − qi,max − qi,min )
=
∂qi
4
(qi,max − qi )2 (qi − qi,min )2

(4.8)

Note that the weighting matrix is used to define the weighted Jacobian and the
weighted norm of the joint velocity vector.

JW = JW −1/2
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(4.9)

†
†
q̇ = W −1/2 JW
ẋ + (W −1/2 JW
− J † )ẋ

(4.10)

Finally, using iterative methods, one may compute the angles of each joint required
to achieve the end-effector position x.

4.1.2 Upper Body Kinematics
In order to increase the manipulation capabilities of the humanoid, the inverse
kinematics method is implemented. Moreover, such a method decreases the error
in the trajectory of the arm end-effector. Hence, the pseudo-inverse method and
Damped Least Squares Method (DLSM) are used to obtain faster convergence time.
Furthermore, this becomes crucial for future applications where the motions of the
human operator have to be translated to the robot (Chapter 7). Thus, both previously
mentioned methods were chosen as a means to minimize system latency. Considering
the given Jacobian (Equation 4.1), the state motion rate can then be calculated by:

+

θ̇ = J ẋ − α N W

−1



∂O
∂q

T
(4.11)

Where θ̇ is the angular velocity vector for all joints, α is the damping factor, N is
the projection matrix within the null space, W is the weighted matrix, and O is an
optimization criteria. Additionally, J + is the weighted, generalized pseudo-inverse of
the calculated Jacobian and may be represented as:

J + = W −1 J T J W −1 J T
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−1

(4.12)

N = I − JT J

(4.13)

where I is the identity matrix. Note: given that the Jacobian matrix depends on
the angular and linear velocities, the velocity vector is then given by:

ẋd = (ẋla ω la ẋra ω ra )LI = J arm θ̇

(4.14)

where ẋd is the desired velocity4 . Furthermore, LI and RT represent the linear
and rotational velocities respectively. The upper body rotation Jacobian is finally
given by:








 G ẋub   G J LI,ub 
 θ̇
=


 

G J RT,ub
G ω ub

(4.15)

where G is the vector from the global coordinate system based on the inertial
frame. Moreover, the final Jacobian for the upper body can be computed via the
rotation and translation matrices for both arms. Note, when J T J approaches zero,
the solution yields singularity issues. Hence Wampler [102] derived a correction factor
cf , also known as the Damped Least Squares Method (DLSM) to reduce ||ẋ − J θ̇||2 +
α ||θ̇||2 (residual error). Furthermore, the aforementioned solution eliminates the need
to have a correction factor α, as no singularity occurs.

4

The subscripts la and ra represent left and right arm respectively
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cf (θ) =

p
det(J T J)

(4.16)

Thus, when cf approaches zero, α becomes

(
α0 (1 − t/ts ) if t < ts
α=

(4.17)
else

0

where ts denotes the threshold value and α0 is the damping factor at the singular
points. Finally, α filters both singular and non-singular instances.
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CHAPTER 5 PRELIMINARY WORK
This chapter primarily focuses on the preliminary research that oriented the final
goal towards addressing the aforementioned critical gap. At the beginning of this
chapter, an introduction to the two humanoid platforms used over the years is explored. These platforms were Darwin-OP (Section 5.1.1) and DRC-Hubo (Section
5.1.2), where the latter encompasses a more significant contribution to the material
handling and loco-manipulation of wheeled carts. Furthermore, the previous work
is organized as follows: miniature humanoid locomotion and manipulation applied
to social robotics and beyond (Section 5.2); and full-sized, bipedal robotic material
handling of semi/non-rigid objects (Section 5.3).

5.1 Robotic Platforms
5.1.1 Darwin-OP
For the past decade, students at the Drones and Autonomous Systems Laboratory (DASL) have designed, implemented, and tested several research projects on a
miniature humanoids. Due to their size and cost, such humanoids provide an inexpensive platform for experimental trials. Darwin-OP (also know as OP) was developed
by ROBOTIS© and is a bipedal, miniature humanoid comprised of a series of high
resolution actuators (Dynamixel MX-28 actuators). A three-axis gyroscope and an
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accelerometer for CoM trajectory and walking balance also reside within Darwin [103].
Table 5.1 depicts the overall parameters of the system.

Table 5.1: Darwin-OP specifications
Specification

Value

Total height [m]

0.454

Foot length [m]

0.104

Foot width [m]

0.66

CoM height [m]

0.295

Leg link length [m]

0.186

Weight [kg]

2.9

Max torque [Nm]

2.5

Natural pendulum period [s]

0.17

Max COM acceleration [m/s2]

3.03

Note, once the theory is proven valid via experimentation on miniature, inexpensive humanoids, students can then proceed to attempting the same work on a full-size
humanoid (DRC-Hubo). Furthermore, due to its robustness, Darwin-OP becomes a
viable tool to prototype various algorithms which allow it to climb ladders, turn
valves, open doors, and drive scaled cars as shown in Figure 5.1. Finally, DarwinOP acts as a stress-test surrogate platform since algorithms can then be aggressively
implemented to recognize points of failure on inexpensive hardware.
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(a) Climb ladder

(b) Turn valve

(c) Open door

(d) Drive forklift

Figure 5.1: Darwin–OP numerous past research application

5.1.2 DRC-hubo
When it comes to high-level, real-world applications which require precise manipulation, locomotion, and dexterity, full-sized humanoids are typically used. DRC-Hubo
is a full-sized humanoid developed by South Korea’s Rainbow Robotics, South Korea’s
Hubo Lab, and the United States’ DASL, among others. It has 31 DoF and weights
approximately 97lbs. Furthermore, it is 1.44m tall, 0.245m wide, and is 0.35m thick
when standing upright. The legs are 0.915m high, and the arms are 0.848m long. The
humanoid’s feet are 0.16m by 0.24m, as shown in Figure 5.2. Each joint is managed
via a motor controller for position, speed and PID gains. Moreover, DRC-Hubo is
equipped with four 6-axis Force-Torque sensors (FT sensors), a Fiber-Optic Gyroscope (FOG), and a Inertia Measurement Unit (IMU). Within the system hierarchy,
the ”Motion PC” is responsible of controlling all of the joints via the USB/CAN
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network1 . Similarly, the FT sensors, IMU, and FOG are connected directly to the
Motion PC. The ”Vision PC” manages the movement of the neck as well as the cameras attached to it. Throughout this dissertation, focus will be directed towards the
advancements made by and implemented on the ”Motion PC”.

Figure 5.2: Current iteration of DRC-Hubo

PODO is the real-time system in the ”Motion PC” which is responsible for communicating with all of DRC-Hubo’s joints. It is comprised of a Daemon that manages
the real-time operation of the joints through the CAN bus and the aforementioned
on-board sensors. The Daemon updates sensor data and writes to the CAN bus with
a frequency of 200 Hz via the Shared Memory Structure (SMS). Moreover, the SMS
can then be used by individual routine programs (also known as AL’s) within PODO
1

The CAN Isolators divide the system primarily in 4 segments Left Leg, Right
Leg, Left Arm, and Right Arm Limb joints
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to control various actions, such as standing, walking, object manipulation, driving,
etc.

5.2 Transformer-Darwin: A Locomotion Hybrid Miniature Humanoid
When a fall occurs, most humanoids often have a long, built-in, fall-recovery routine, which is the cycle of walking, falling, standing and walking again. Furthermore,
solely bipedal locomotion can be severely impacted when a change in terrain occurs,
or when a cluttered environment presents itself. Therefore, the previously stated arguments enforce the necessity for humanoids to have the ability to switch between
walking and rolling configurations whenever favorable. Moreover, the walking-rolling
transformation may evoke memories of the ”Transformers” series of toys. Such toys
feature prismatic and revolute joints that enable the humanoids to transform into a
truck, tank, or motorcycle. Beyond toys, such transitions have not been realized in
real robots. There are humanoids that substitute legs for a rolling base, or replace
feet with roller-skates. These substitutions sacrifice walking, causing the resulting
humanoid to not be able to perform a task where legs would be superior, such as
climbing stairs or ladders. Thus, the versatility of DRC-Hubo, which has wheels on
its knees and feet, motivates our approach to design attachments to convert DarwinOP into a hybrid-locomotive humanoid. The new, improved version of Darwin-OP
was then used to perform the following tasks: testing transformation from walking to
rolling, plowing through debris, implementing toy fetching abilities (social robotics
application), encountering and preparing for terrain changes, and dealing with slanted
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ground

5.2.1 Designing Transformer-Darwin
With the objective of repurposing Darwin-OP as a compelling robot companion,
the Technical Design Requirements (TDR) were then established (see Table 5.2).

Table 5.2: TDR’s for Transformer-Darwin
Requirements
Assembly
Time
Rolling Speed
Battery Life
Standard Tools
Compatible
Actuators

Objectives
Thresholds
Time to assemble
Time to assemble
< 10 minutes
< 20 minutes
Roll at 20 cm/s
Roll at 15 cm/s
32 minutes rolling
22 minutes rolling
1.5 mm hex key
Tools common
Phillips 75 mm
in hardware stores
Dimensions (D)
Dimensions (D)
D: 36 × 51 × 35 mm D: 30 × 45 × 35 mm
Stall-torque: 2.5 N.m Stall Torque: 2 N.m

As previously mentioned in Section 2.2.1, humanoid companions are designed to
interact with children and the elderly. The speed of the robot is a key factor as it
must be able to keep up with its human companion (≈ 20 cm/s). Additionally, if the
humanoid encounters small obstacles and transitions between surfaces, it must have
the ability to plow through these small obstacles and cross from a carpeted to wooden
surfaces. While in the rolling position, the miniature humanoid can also manipulate,
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handle, and transport myriads of toys2 .
To meet the speed, maneuverability, and carrying requirements necessary to push
away a small clusters of debris and manipulate toys, a 32.57 mm radius wheel was
selected. The wheels were designed such that their addition to the existent hardware
would not alter the humanoid’s original capabilities. Furthermore, to reduce the
overall drag force, a ”ball caster” attachment was designed and placed at the front of
the feet. This final element plays a vital role while transitioning between walking and
rolling phases. Further details of the transformation process can be found in previous
publications [38][39].

5.2.2 Locomotion and Material Handling Applications Aiming for Social Robotics
A new algorithm was developed to account for the two additional actuators, specifically to control pose changes and rolling speed. With these additions, the robot had
gained the ability to plow through small objects, inspired by DRC-Hubo’s abilities
(see Figure 2.3c). The attachments are designed so they can roll and work as a
manplow simultaneously. Robust plowing requires further additions to the algorithm
to exploit visual input. Therefore, a reliable object detection algorithm, that is on
par with hardware limitations, is required. The Canny Edge method, which locates
the edges of objects, was used to filter images captured by the robot’s camera (2MP
HD USB) [103][104]. Additionally, this method is less computationally demanding
2

Transport toys with a minimum threshold ranging in dimension from (23x12.5x14
cm) up to (30x28x24 cm) (Height x Length x Width), and weight from 305 g up to
341 g
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because it converts an RGB image into a binary image [105]. Therefore, during the
plowing task, the navigation algorithm performs a set of motions towards cleaning the
path by analyzing the number of edges in the scene (See Figure 5.3a,b). Conversely,
on the fetching toy task, the object detection algorithm uses the Canny Edge image
to compare with preloaded image data set to decide which toy to grasp (See Figure
5.3c,d).

(a) Video feed plowing

(b) Image processing plowing

(c) Video feed fetching

(d) Image processing fetching

Figure 5.3: Transformer-Darwin image processing

Moreover, a deep-learning-based object detection algorithm was considered, however, this method could not be fully implemented due to hardware limitations at the
time. As of the time of this writing, the Darwin-OP hardware is being fully upgraded
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to allow more advanced computer vision applications.

(a) 0 sec

(b) 2 sec

(c) 15 sec

(d) 21 sec

(e) 39 sec

Figure 5.4: Transformer-Darwin plowing through objects

Finally, the ability to swipe away debris was successfully accomplished (See Figure
5.4). Transformer-Darwin demonstrated pushing several pieces of wood (lengths from
4 cm to 45.5 cm and weights from 14 g to 158 g), two plastic scraps (19.8 cm in length,
20 g in mass), and one light metal item (26 g). All of the debris described previously
had a combined weight of ≈ 455 g.
The task of fetching toys is considered a material handling task since the humanoid
has to handle objects that are similar to it in size. Fortunately, the rolling mode allows
Transformer-Darwin to have enhanced stability while carrying objects. The approach
of object detection is similar to the aforementioned approach for the plowing task.
Furthermore, since social robotics is being considered, the testing and evaluation of
the platform is done via voice commands. The user has to request a certain toy
(Homer, Owl or Dragon) as shown in Figure 5.5a. Once the robot listens to the
command, it needs to fetch the respective toy. For instance, Figure.5.5b depicts, in
detail, how the algorithm would run when the user had requested the owl toy.
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(a) Main algorithm

(b) ”Getting owl” routine

Figure 5.5: Flow diagram for the main algorithm and ”getting owl” selection

(a) Waiting for command

(b) Find toy

(c) Approach toy

(d) Grasp toy

(e) Transport toy

(f) Deliver toy

Figure 5.6: Transformer-Darwin fetching a ”stuffed owl” toy.

Transformer-Darwin is capable of listening to a command and fetching the correct
toy 70% of the time (See Figure 5.6). The ability to grasp unevenly-shaped objects is
rather challenging for humanoids without hands. Subsequently, changes in the way
that the toys are positioned usually result in the failure of grasping the toys. However,
throughout all the trials, Transformer-Darwin had not fallen while performing the
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necessary tasks.
The ability to navigate on uneven terrain is essential for robot companions. Figure 5.7c
shows that the maximum upward angle before the robot stalls is 13.4◦ . The maximum
downward angle before the robot slips is 12.3◦ . In contrast, having Darwin-OP walk
on a slope of 10◦ would require greater computational power to ensure significantly
more accurate foot trajectory improvements.

(a) Ascending slope - 1

(b) Ascending slope - 2

(c) Ascending slope - 3

Figure 5.7: Transformer-Darwin rolling uphill

5.2.3 Transformer-Darwin at the 2018 GeekPwn Robot Agent Competition
A prime example of Transformer-Darwin’s robustness and versatility was displayed
during the 2018 GeekPwn Robot Agent Competition [106]. After significant teleoperation and vision enhancements, the team OP-USA from the University of Nevada, Las
Vegas won first place at the competition in China [107]. In order to have a successful
run, the team’s robots had to perform the following (See Figure 5.8) [108]:
1. Exit a delivered parcel or gain access from the ventilation shaft or window
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2. Dodge or deactivate a laser zone
3. Retrieve sensitive information by completing these tasks inside the main area:
(a) Record the information on a notecard hidden in a book or in a locked safe
(b) Install malware onto the target’s computer
(c) Place a listening device in a discrete location
(d) Install a physical keylogger onto the target’s keyboard
4. Return to the parcel or exit through the ventilation shaft or window

(a) Exiting parcel task

(b) Approaching laser area

(c) Opening control box

(d) Dual-Arm utility display

(e) Opening Safe

(f) Plugging malware USB

Figure 5.8: Highlights of Team OP-USA at 2018 GeekPwn Robot Agent competition
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5.3 Tasking Humanoids to Material Handling Non-rigid Objects
As previously indicated, Darwin-OP can often be employed as a testing platform,
allowing higher-risk experiments to be physically tested before attempting to recreate
similar experiments on full-sized humanoids. Therefore, in order to achieve a smooth
transition from one humanoid to another, an appropriate experimental ratio is needed.
An experimental ratio of 1:101 was calculated between Darwin-OP and DRC-Hubo
(See table Table 5.3), based on the weight and height of each humanoid. The ratio
conversion can be summarized via Equation 5.1.

(5.1)

[OPW ][OPH ] : [DRCW ][DRCH ].

Table 5.3: Detailed comparison of the Darwin-OP miniature humanoid robot and the
DRC-Hubo full-sized humanoid robot ratio conversion
Darwin-OP

DRC-Hubo

Ratio

Total height (m)

0.454

1.67

0.272

Foot length (m)

0.104

0.240

0.433

Foot width (m)

0.066

0.160

0.4125

COM height (m)

0.295

0.7752

0.381

Leg link length (m)

0.2195

0.915

0.24

Weight (kg)

2.9

80

0.036

The size of the water vessels were proportionally scaled to match Darwin-OP’s
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dimensions, as depicted in Figure 5.9a, where 1 mL of carriable water for Darwin-OP
corresponds to 101 mL of cariable water for DRC-Hubo. Thus, promising results
were initially found when both humanoids could successfully material handle these
water buckets (See Figure 5.9). This section will focus on DRC-Hubo’s results and
begin an analysis of loco-manipulation and material handling.

(a) Darwin-OP

(b) DRC-Hubo

Figure 5.9: Humanoids Material Handling of non-rigid objects

5.3.1 Lift-and-Carry of Non-rigid Material
Initial testing tasked the full-sized humanoid (DRC-Hubo) to carry various rigid
and non-rigid items, such as the ladders and partially filled gasoline cans shown in
Figure 5.10. However, from all of these tests, it was found that the humanoid was
not equipped to safely handle the aforementioned objects, eventually leading to the
humanoid falling down.
To mitigate instability while material handling water vessels, DRC-Hubo’s walk-
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(a) 2 gas cans

(b) Sand bag

(e) Push hand truck

(c) Ladder

(f) Pull hand truck

(d) Hose

(g) 1 gas can

Figure 5.10: Lift and carry trials simulating disaster cleanup scenario.

Figure 5.11: Stability controller routine computing the desired CoM indicator based
on ZMP for DRC-Hubo

ing was controlled using a ZMP stability controller (See Figure 5.11). Hence, by
constantly tracking the CoM of the humanoid, stability can be guaranteed throughout the experiment. Note that at this time, a sloshing mitigation approach had not
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been studied, and will be addressed at a later time.
The dynamics of the humanoid can be modeled by a Linear Inverted Pendulum
Model (LIPM) combined with a spring-damper system3 (See Figure 5.12) [88].

Figure 5.12: Spring-Damper Linear Inverted Pendulum with disturbance

Therefore, the equation below represents the motion of the modified LIPM system
with disturbance

ml2 θ̈ + cθ̇ + kθ − mgl sin θ − Fd cos θ =

k
u.
l

(5.2)

where θ is the pendulum’s angle with respect to the vertical axis, m is DRC-Hubo’s
total mass, l is the height of the CoM, c and k are the damping coefficient and
spring constant respectively, Fd is the disturbance force, g is the acceleration due to
gravity, u is the horizontal position input, Fg is the ground reaction force, and My is
3

This approach is later used on Chapter 6
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momentum with respect to the y-axis.
Trials with DRC-Hubo yielded satisfactory results as both the ZMP and the CoM
measured trajectories along the Y -axis (lateral motion) followed their reference counterparts (See Figure 5.13). Note that the y-ZMP reference (blue line) is responsible
for maintaining a position in the center of the support foot in both the single-support
phase and double-support phase (DRC-Hubo’s single-support time is 1s and doublesupport time is 0.240s). The stability of the robot can be accessed via the measured
y-ZMP (green line) which must closely track the reference y-ZMP.

Figure 5.13: ZMP and CoM trajectory graphs for the lift-and-carry of DRC-Hubo

Furthermore, Figure 5.13 depicts the progressive increase in instability during
three distinct experiment trials: walking freely, carrying dumbbells, and carrying wa-
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ter buckets 4 . Although a worrisome ZMP trajectory deviation was observed when
the humanoid carried dumbbells, the differences in trajectory were made even more
apparent when carrying water buckets. This is due to the external forces generated
by the non-rigid object. In other words, the water sloshing dynamics within the buckets generated severe impact on the humanoid’s real ZMP trajectory. Conversely, the
dumbbells do not suffer from uneven-material phenomena because rigid items have
uniform inertia.

5.3.2 Humanoid Material Handling While Stair Climbing
The sloshing phenomena was revisited during another challenging work. As stated
previously, bipedal robots are extremely resourceful due to their overall mobility.
Given that information, one may ask, ”is a humanoid capable of material handling
non-rigid objects in tandem with climbing stairs?” Unlike the previous walking task
(where the humanoid climbed a set of stairs), significant disturbances could cause
catastrophic falls. Therefore, a better understanding of the phenomena of sloshing dynamics is necessary. Next, a mathematical model for such an event was derived inside of a water-filled bucket (which moves within 3D space) by linearizing
the Navier–Stokes equations. Finally, an appropriate model for suppressive sloshing
control was needed to lower the sloshing rate when DRC-Hubo was ascending stairs.
Consider the liquid container (a bare walled cylindrical tank) in Figure 5.14, considering that the boundary conditions of a cylindrical body where the coordinates are
4

15lb dumbbells; and 15lb water buckets (per item)
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given by:

∂Φ
∂r

=0 ,
r=R

∂Φ
∂z

=0
z=−h

where Φ is the total velocity potential function, and r and z are the respective
radius and height. Hence, a fundamental general solution can be computed by the
equation below Equation 5.3. Where λmn and βmn are the free surface initial conditions (time variables), and the nth sloshing mode (modal analysis of a liquid freesurface motion) in the cylindrical container. Jm (λmn r) is a first-kind Bessel Function
of order m, and λmn are the roots of

∂Jm (λmn r)
∂r

= 0 [109].
r=R

Φ(r, θ, z, t) =

∞ X
∞ h
X

αmn (t) cos(m θ)+

m=0 n=1

i

βmn (t) sin(m θ) Jm (λmn r)

cosh[λmn (z + h)]
cosh[λmn h]

(5.3)

Hence, if λmn and βmn are harmonic functions, such as sin(ωmn t), then we can
obtain the natural frequency of the liquid afterwards by using Laplace’s Equation
through Equation 5.4. It is important to note that the vertical velocity of a fluid
z = η(r, θ, t) = η(x, y, t) is known as the kinematic free-surface condition used to
obtain the wave height η given by Equation 5.5.

r
ωmn =

h ξ 
g ξmn
mn
tanh
R
R

(5.4)

where R is the cylinder radius, g is gravity (9.81m/s2 ), h is the liquid height, and
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Figure 5.14: Sloshing dynamics model the spherical pendulum of a filled fluid container (m1 is the mass of the body of water)

ξmn is the root of the derivative of the Bessel Function of the first kind (which will
later be treated as the damping ratio).
Now, in Figure 5.14, the dashed circle represents the wave oscillation, which is
of critical importance in the modeling of planar sloshing. Consequently, according
to Ibrahim [109], for a cylindrical container, the wave height at the wall, ηw can be
expressed by Eq 5.5, where Ω and X0 are the excitation frequency and amplitude
respectively.

ηw =

2 Ω2 R ωn2 X0 sin(Ω t)
g (ξ1 2n − 1) (ωn2 − Ω2 )

(5.5)

Next, a pendulum modulation approach is necessary. Given that an ordinary pendulum’s natural frequency can be expressed by ωmn =

p

g/l, one can then compute

the length of the pendulum. Note that the roots for first mode are set such that the
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diameter is perpendicular to the direction of rocking cylindrical container and m = 1
and ξ1n = 1.841, 5.335, 8.535, 11.205, 14.850, ... [109].

ln =

ξ h
R
1n
tanh
ξ1n
R

(5.6)

where the roots for first mode (the diameter perpendicular to the direction of rocking
bucket).
In order to model the spherical pendulum’s equation of motion, the Lagrange
equation ought to be used. Hence, kinetic and potential energies in terms of θ and
ψ are illustrated on Equation 5.7 and Equation 5.8 respectively (Figure 5.14)[110].
Moreover, K and P E are derived based on the equations of motion of the spherical
pendulum x(t) = X0 cos(Ω t).

K=

m1
[(l1 ψ̇ sinθ − ẋ sinψ)2 + (l1 θ̇ + ẋ cosψ cosθ)2 ]
2

P E = m1 g l1 (1 − cosθ)

(5.7)

(5.8)

Furthermore, by applying Lagrange’s function L = K −P E and adding the damping ratio ζ [110]:

θ̈ + sinθ (ω1 2n − ψ̇ 2 cosθ) + 2 ζ ω1n θ̇ +
where the general equation of motion is given by:
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ẍ
sinψ = 0
l1

(5.9)

θ̈ + 2 ω1n ζ θ̇ + ω1 2n θ =

ẍ
l1

(5.10)

For the damping ratio, an empirical equation (Equation 5.11) is required and can
be obtained from the Equation below in terms of the kinematic viscosity ν, the bucket
radius R, and the height of the fluid h [111]. Given 1 > ζ the system is underdamped.

ζ ≈ 0.52

r

"
#
0.32 (R − h)
ν
√
1+
h
h
R sinh( 1.18
) cosh( 1.18
)
R3
R
R

(5.11)

Table 5.4 depicts the principal parameters used. Note that the metal staircase
has three steps and each step is hs = 23cm tall, ws = 29cm wide, and ls = 108cm
long. The buckets have hb = 23.445cm height and R = 12cm radius.

Table 5.4: Principle parameters
Parameter

Value

Unit

Equations

Water level

h = 0.09

m

(5.3)(5.4)(5.6)(5.11)

Vessel radius

R = 0.12

m

(5.4)(5.6)(5.5)(5.11)
2

ν = 1.004e − 6 m/s

(5.11)

Damping ratio

ζ ≈ 2.62e − 3

(5.11)

Pendulum’s length

l1 ≈ 0.09

m

(5.6)

Natural frequency

ω1n ≈ 0.0218

Hz

(5.4)

Mass of water

m1 = 3.78

Kg

(5.7)(5.8)

Water kinematic
viscosity

However, monitoring the value of ηw (wave height at the wall) is critical in access-
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(a) Outside view

(b) Inside view

Figure 5.15: Physical bucket used for data acquisition (1 gallon was used during
experiments out of a 2 gallons maximum capacity vessel)

ing the sloshing ratio. Additionally, an accelerometer (Figure 5.15(a)) was used to
evaluate the overall accelerations (specially x-axis acceleration) of the bucket, and an
eTape’s (with an accuracy of 0.1cm, Figure 5.15(b)) liquid level sensors were applied
to monitor ηw (bucket sloshing). Unlike previous work, by focusing solely on the
exact disturbances caused by sloshing, one can mitigate the sloshing disturbances by
applying countering forces on the water vessel. Thus, the control and data acquisition related to the overall movement of the arms—which, by nature, causes external
disturbances in the water buckets—is key for better manipulation of the buckets.
Although the containers’ forces influence the humanoid’s whole-body dynamics, as
long as the sloshing rate remains under 68.4%, the forces are not strong enough to
significantly shift the humanoid’s Center of Gravity (CoG) in an unstable manner.
Therefore, to ensure safety, Gazebo simulations were performed prior to testing to
guarantee stability of the CoM /CoG during stair climbing. Hence, the arms have a
strict adjustment range of 4cm on the x and y axes (Figure 5.16, Left ”Motion plane
range”), which restrict the arms to move outside of the designated motion plane
74

(motion threshold), therefore securing safe ”stair climbing” locomotion.

Figure 5.16: Left - Experiment simulation via Gazebo. Right - DRC-Hubo awaiting
to commence an experiment

Furthermore, Figure 5.17 depicts a comprehensive, simplified controller diagram.
Hence, the sloshing mitigation controller is mainly composed of a basic, full-state
feedback PID controller with a 0.004% steady state error and 0.169 sec settling time.
The inputs are the current joint angles, the wave height ηw , and the FT (force and
torque) data from the wrist. Hence, through the position of the angle, the overall
acceleration in the x-axis ẍ is calculated based on the pendulum dynamic model θ̈
which can be approximated by Equation 5.10. Additionally, the outputs are the new
target joint angle positions (which the arm has to adjust for to auto-correct for the
sloshing disturbance).
The system structure for the aforementioned approach is shown in Figure 5.18.
Once the water bucket is appropriately coupled, the robot’s wrists FT sensors can
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Figure 5.17: Simplified control block diagram for stair-climbing while carrying water
containers

Figure 5.18: System integration diagram showcasing the four main components:
PODO, Humanoid, non-rigid body and ROS
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start rendering force data, and the encoders can begin registering joint positions.
The green sub-block of Figure 5.18, is called PODO (the DRC-Hubo’s software responsible to manage algorithm routines, sensors, simulation, and the user inputs), is
tasked to send motor commands for climbing stairs and arm’s swing to the controllers.
Additionally, the robot state publisher is in charge for precise joint positions during
operation. The diagram also showcases the interaction between robot’s hardware and
water container’s input. ROS is responsible to render the data from the e-tape via
an external micro-controller and send it to DRC-Hubo’s motion computer.
Once the robot is in the ”climb ready” pose (See Figure 5.16) and is placed
in front of the staircase (at 12.5cm away from the first step), the sensors for data
acquisition (eTape) and the container acceleration nodes are activated through ROS.
For experimentation there are three steps: first, Hubo’s motion computer initiates
the climbing algorithm; second, the motion computer receives and uses the bucket’s
acceleration data (via ROS); third, a user input is need from the software’s GUI in
order to commence the experiment. Finally, the humanoid can begin its climb for as
long as the aforementioned steps were taken5 .
The results found during experimentation were extremely intriguing (See Figure
5.19). For instance, the blue curves shows the sloshing fluctuation prior to the implementation of the proposed approach, whereas orange represents the sloshing behavior
after the control implementation. Moreover, sloshing waves ηw were reduced by an
5

Throughout all the trials, the left arm sloshing was evaluated and compensation
forces to mitigate the disturbances were applied to the left arm (identical forces were
also applied onto the right arm)
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Figure 5.19: Filtered sloshing data compiled before and after the implementation of
the sloshing reduction controller (sampling rate: 200 Hz)

average of ≈0.8 cm, which, consequently decreased the overall disturbances on the
wrist. Furthermore, due to higher sensitivity to data received from the eTape (the
eTape appears more sensitive when the level is downward) at the positive x-axis (See
Figure 5.15), spikes downwards may reach 10.055 cm for filtered data and 8.61 cm for
raw data. Thus, upon extensive experimentation and data comparison, the sloshing
results are better represented by the downward peaks. Note that due to limitations
on DRC-Hubo’s grippers at the time, 95% of the experiments were performed with
the bucket half full (3.78 liters). Lastly, Figure 5.20 depicts one of the trials using
sloshing control on the full-sized humanoid DRC-Hubo. In conclusion, both major research topics investigated in this section provided invaluable lessons which ultimately
shaped the success of subsequent work.
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(a)

(b)

(c)

(d)

(e)

Figure 5.20: DRC-Hubo performing stair climbing using sloshing mitigation approach
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CHAPTER 6 ADVANCING HUMANOID MATERIAL HANDLING
Although humanoid mobility has improved considerably with the advent of humanoids such as Boston Dynamics’ Atlas, the manipulation of sizeable objects remains a considerable issue in the robotics community. Handling heavy materials
(rolling carts, utility carts, wheelbarrows and shopping carts) continuous to be an
open problem given the external forces applied on the robot’s arms which threatens
its stability (See Fig. 6.1).

Figure 6.1: DRC-Hubo performing cart material handling; rolling cart (left); utility
cart with 0◦ handle (middle - Cart 2); utility cart with 15◦ angled handle (right Cart 1)
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6.1 Humanoid Material Handling: Rolling and Utility Carts
For a robot to handle such objects, the disturbances caused by a shifted CoM must
be compensated and mitigated by the robot[15]. Moreover, if the ZMP fall outside of
the support polygon (Section 3.1), the robot will fall, potentially causing damage to
the robot. Nonetheless, note that some stability methods in fact requires the ZMP
to be outside of the support polygon [97]. Thus, enhancing a humanoid’s utility
cart manipulation could potentially have several applications within the industrial,
agricultural, manufacturing, and disaster relief sectors. Hence, the first major step in
improving humanoid cart handling is the development of robust arm compliance for
stable bipedal walking while pushing carts. Note that all experiments performed using
DRC-Hubo occurred in a controlled lab environment. Therefore, the initial proposed
approach disregards untested scenarios (e.g. foot-floor friction, rough-terrain, and/or
hill slope,). Note that the approach of this work is discussed in details at Section 3.2.
In addition, a friction compensation method was used to address arm compliance.
Consider the simplified block diagram depicted in Figure 6.2. Where xwrc represents
the wrists’ current position and xwrd represents the wrists’ desired position [112][113].

Figure 6.2: Reduced version of the friction compensation system approach
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Moreover, F ′ cart , p1 and p2 are specified as

F cart
τc Ka

(6.1)

µ + τ c fc
J

(6.2)

τ c Ka
J

(6.3)

F ′ cart =

p1 =

p2 =

Where τc , Ka , µ, fc , and J represent the torque constant, amplitude gain, coefficient of friction, and arm/wrist moments of inertia respectively. To obtain robust
desired wrist position accounting the high-dimensional nonlinear arm, a feedback
linearization based technique was applied. A overall algorithm routine is shown in
Figure 6.3.
Next, Figure 6.4 showcases the appropriate system structure for the discussed
application similarly to previous mentioned system architecture.
In order to recap, simmilar steps are taken to perform experiments but now the
user must indicate the desired walking parameters( number of steps, step length, load
weight, etc). The main constant parameters (see Section 3.2 for the mathematical
derivation) used were calculated as follows: the friction coefficient µ was 0.03 for the
rolling cart (and 0.024 for the utility cart), the step number was 20, the step length
was 0.06 m, the step time st was 0.8 s, the Dual Support Phase (DSP) was 0.1 s, the
maximum foot height was 0.05 m and the load mass Ml was 11 kg (note: this includes
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Figure 6.3: Controller block diagram

Figure 6.4: System integration diagram showcasing the four main components; humanoid, PODO, external Force, and ROS
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the table mass). Figure 6.5 showcases the disturbances generated while pushing the
rolling cart. Thus, such forces can be used to extrapolate the F cart reference.

Figure 6.5: Force acting in the x-direction, opposed to the robot’s forward walking,
used to compute F cart

Finally, a compilation and close examination of the results collected was employed
to validate the proposed capture point walking method and the arm compliance.
Note that the rolling cart’s load, Ml , has an direct affect on the walking due to the
downward forces on the wrist, as shown in Figure 6.6. Hence, it becomes evident
that he forces in the z-direction are were Naturally higher than the ones in x and
y-directions. In contrast, the utility cart force analysis shows similar external forces
in x,y and z-directions.
Table 6.1 depicts the ZMP error while material handling carts by taken into ac-
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Figure 6.6: Force data results acting on the right wrist in the x- and z-directions for
rolling cart ”C1” and utility cart ”C2”

count the Root Mean Square Error (RMSE) of the reference ZMP versus the measured
ZMP. The results reveal that a unloaded rolling cart returned the least error, proceeded by a 25.22% increase in error for a 11 kg load (See Figure 6.7). Conversely,
the utility cart yields a 10.69% error increase while carrying a 11 kg load when compared to its unload experiment. This phenomena is is due the utility cart’s geometric
contact favorability (four ground contact points).

Table 6.1: RMSE analysis of trials: x-ZMP compared to calculated x-ZMP
Cart Type
Rolling
Rolling
Utility
Utility

Load [kg] RMSE
0
0.0252
11.7
0.0337
0
0.0284
11.7
0.0318
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Figure 6.7: Residual squared sum analysis comparing both rolling and utility carts
subjected to load and with no load

Finally, Figure 6.8 display the overall results found. Figure 6.8(a) shows that
stable walking is achieved for both rolling and utility cart. Furthermore, satisfactory
results were also found when the cart was subjected to a 11 kg load. Looking at the
closeup ZMP plot on Figure 6.8(a) one can observe that the the utility cart’s measured
ZMP has a better tracking of its reference ZMP over time. That is because the rolling
cart geometric shape is unfavorable, and the load on the cart constantly exert higher
external forces on the z-axis. Figures 6.8(a)(b) showcase that both measured xand y-ZMP’s are consistently follwing its reference, and inherently maintaining itself
within the support polygon. In order to validate the robustness of the system thirty
trials in total were performed using same initial conditions. Figures 6.8(c)(d) display
sequential images captured during one of the trials where the humanoid was tasked
to push the cart by walking 20 steps forward.
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Figure 6.8: DRC-Hubo walking trial utilizing CP-based method and arm compliance:
(a) Measured ZMP in x-axis, (b) Measured ZMP in y-axis, (c) Trial for a rolling cart
with an 11 kg load, (d) Trial for a utility cart with an 11 kg load
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In conclusion, the author validated the the CP method alongside with arm compliance can indeed material handle simple carts. Next, an evaluation of the same
approach is performed on similar utility carts but with a slightly distinct handle angles. Interesting results were also found when both the perpendicular handled (cart
2) and angle handled (cart 1) utility carts were compared side-by-side (See Figure
6.9).

Figure 6.9: DRC-Hubo pushing a type 1 (left) and type 2 (right) utility cart

Despite the handles of the cart beeing at distinc angles Figure 6.10(a) reveals
that even when subjected with heavy load stable gait can once again be achieved.
Similarly, the utility cart (type 1) follows the reference x-ZMP closer than the other
cart (type 2) (see Figure 6.10(a)). Due to θh ≈ 0◦ for cart 2. Nonetheless, both
measured ZMPs are in fair agreement with the desired ZMP. Figures 6.10(c) and
(d) depicts DRC-Hubo performing material handling and loco-manipulation where
it succefuly complete its task. Thus, it was found that the slight change on fairly
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similar carts overall dimensions will have an impact on gait stability.

Figure 6.10: DRC-Hubo performing capture point walk with arm compliance; (a)
Measured ZMP in x-axis, (b) Measured ZMP in y-axis, (c) Rolling cart pushing with
a 11 kg load, (d) Utility cart pushing with a 11 kg load
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Additionally, Figure 6.11 showcases the effectiveness of the arm’s friction compensation while pushing utility cart 1 (See Figure 6.9). Note that the measured ZMP
with no arm compliance is dangerously close to falling off of the support polygon
(which would result in a catastrophic fall).

Figure 6.11: Walking gait stability analysis on arms compliance performance

6.2 Humanoid Material Handling of Highly-dynamic Carts
So far, the focus was primarily directed towards dynamically favorable carts. However, in order to further push the boundaries of humanoid loco-manipulation abilities, carts like shopping carts and wheelbarrows ought to be studied (See Figure
6.12). Additionally, Figure 6.13 depicts the new and improved material handling
loco-manipulation algorithm scheme which further improves stability by using the
cubic splines foot trajectory. This approach was later tested on rough terrain to
further stress the current approach’s limitations.
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Figure 6.12: DRC-Hubo material handling dynamically challenging carts; shopping
cart (left); wheelbarrow (right)

Figure 6.13: Updated material handling loco-manipulation algorithm scheme block
diagram
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In previous work, a utility cart was used due to its commonality in the work
space and dimensional simplicity [90]. Such a cart represents the middle ground in
terms of the kinds of material handling equipment available. However, a wheelbarrow
differs by reducing ground contact to a single point, requiring a force in the z- and
x-directions as well as a moment about the x-z plane if the load is unbalanced (Figure
6.14).

Figure 6.14: Forces reaction from loaded wheelbarrow in addition to the LIPM in the
sagittal plane representation

Conversely, a shopping cart is similar to a utility cart (instead having four ground
contact points), but has fixed rear wheels and potentially a higher CoM. Cart dynamics heavily influence the calculated ZMP by altering the external forces acting
on the upper body end-effectors. For instance, the ZMP of the wheelbarrow can be
obtained by

92

ZM P x = xCoM +

F h,x zc ẍCoM zc
−
g Mc
g

(6.4)

where xCoM , ẍCoM , F h , zc , and g are the CoM’s position/acceleration, force of
the hand acting on the wheelbarrow’s handles, height of the CoM, and gravitational
acceleration, respectively. The force of the hands acting on the wheelbarrow ought
to be computed as depicted (Figure 3.8). Moreover, the mass of the cart, load, and
center of mass are given by: M c , M l , M com .

F h,z = (Ml + Mc )g − FN

(6.5)

F h,x = M CoM ẍCoM + Fµ

(6.6)

Intuitively, to maintain a stable gait, the robot’s ZMP must lie on the support
polygon [3][15]. Additionally, the desired Center of Mass (CoM) trajectory ought
to agree with the x-ZMP desired trajectory, even when external forces act on the
end-effectors. Finally, the foot trajectory is generated using cubic splines where fullbody kinematics is employed. Furthermore, experiments were conducted utilizing
DRC-Hubo and a variety of carts. A comparison of the relative quality of actual and
reference ZMP values was done by calculating the Root Mean Square Error (RMSE).
To retain consistency, all experiments were repeated up to ten times using condensed block masses at predetermined locations on both material handling apparatuses. Additionally, further experiments were conducted using point loads of 2.93,
5.85, and 11.7 kg applied to the wheelbarrow to investigate the effects of distinct
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masses. Moreover, thin carpeting was placed on the ground to eliminate foot-slipping
in order to solely evaluate load changes. Experiments were conducted with varying
number of steps, up to a maximum of 50 steps.
Like previous experimental trials, once DRC-Hubo is in its walking position (Figure 6.14), the appropriate cart selection is needed. Such selection is based upon the
cart’s overall dimensions (handle position, height pose, and ground contact points).
Subsequently, the hands can now be opened, allowing the cart and robot to be coupled safely. Next, the following parameters must be added by the operator: step
number, step time, foot height, and load mass Ml (varies based on the used cart
and load). Finally, the pushing experiment may be initiated. Additionally, two Intel RealSense 82635A cameras provide depth data used to enhance material handling
loco-manipulation safety. The depth data is used to adjust the robot’s grasping initial
position to avoid collision between the knees and the material handling item during
the motion (Figure 6.15).

Figure 6.15: Depth- sense feedback during pushing tasks monitoring knee collision

94

Note, that the step number is 15, step length is 80 mm, step time st is 800 ms,
Doubled Support Phase (DSP) is 0.1 s, maximum foot height is 50 mm, and the load
mass Ml varies from test to test.

6.2.1 ZMP and CoM Analysis, Foot Trajectory Inspection and Full-Body
Simulation
Firstly, the ZMP validation has yielded positive results, as shown in Figure 6.16.
Furthermore, a smaller RMSE was obtained when DRC-Hubo was pushing the wheelbarrow rather than the shopping cart. This is due to the measured ZMP in the
x-direction being closer to the reference ZMP.

Figure 6.16: ZMP analysis in the x-axis: real data of the first seven steps using the
proposed foot trajectory approach

It is important to note that the wheelbarrow’s own CoM is lower than the shopping
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cart’s CoM. Additionally, its ground friction is less than that of the larger cart.
Although the shopping cart’s measured ZMP was closer to falling out of the support
polygon, stable walking still can be accomplished. Figure 6.17 depicts the position of
the CoM in the coronal direction compared with the reference ZMP. Note that both
carts have a similarly stable CoM trajectory. However, due to its dimensions, and
the way in which the robot’s arms are physically coupled, the shopping cart yields a
slightly offset CoM position.

Figure 6.17: Measured CoM position in the y-direction compared with the ZMP
reference for shopping cart (SP green) and wheelbarrow (WB red)

Figure 6.18 shows the captured ankle trajectory of the humanoid maneuvering
the shopping cart and the wheelbarrow. The reference foot trajectory is also plotted.
Furthermore, both experimental trajectories maintain a similar profile as the calculated reference trajectory (as shown in Figure 6.18). During the beginning of the
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step (80 mm), some initial differences can be noted. These differences may be due
to the foot slipping during the performance of several experiments on a rather glossy
floor. Conversely, a minimal amount of foot slippage was found while the humanoid
walked on carpet. The foot trajectory does not take into account slippage and/or
any external forces that may affect it. This may account for the error between the
reference and experimental trajectories. One may be able to simulate these effects
computationally, or experimentally, with further study. The foot trajectory is plotted
as position over the time for a period of one step.

Figure 6.18: Reference ankle trajectory compared with ankle trajectory when pushing
the wheelbarrow and shopping cart (shifted and centered for comparison)

The full-body simulation was initially used to validate whole-body kinematics but
was also used to animate and analyze the data generated from experimental runs.
The simulations looked at how the foot trajectory could be implemented on DRC97

Hubo and generate a walking gait. After the real-time experiments were completed,
encoder data from each joint was collected and used to create a 3-D animation.
End-effector positions were plotted relative to global coordinates and were compared
(the foot trajectory being mostly of interest). The animation for the pushing of the
wheelbarrow can be seen in Figure 6.19(c).

6.2.2 Material Handling Loco-Manipulation: Real Experiments Using DRC-Hubo
Overall Findings
Both experiments using the two previously mentioned carts were repeated ten
times consecutively for consistency. The majority (95%) of the experiments yielded
stable walking. During all shopping cart pushing experiments, the robot was able to
finish the preset 15 steps without losing balance. Conversely, only one experiment
for wheelbarrow pushing (20 steps) has shown unsatisfactory results as the humanoid
tilted forward due to a shift in the load mass’s position. Note that half of the experiments were conducted with a fixed load and the remaining were conducted with a
combination of various objects with the same combined mass.
Additional experiments on the wheelbarrow with increasing point loads were successfully completed. In order to assess the impact the varying loads had on the ZMP,
the RMSE between the reference and measured x-ZMPs for each load were calculated
(Table 6.2). As result, a point load of 5.85 kg produced the least error, followed by
no load, 2.92 kg, and 11.7 kg respectively. The errors for the two smallest loads are
within 2% of the zero load configuration while the error of the largest load configura98

Table 6.2: Root Mean Square Error (RMSE) of experimental vs. calculated ZMP in
the x direction
Scenario Point Mass [kg] RMSE [mm]
1

0

0.0295

2

2.92

0.0297

3

5.85

0.0291

4

11.7

0.0310

tion is greater than 5%. Additionally, the wheelbarrow experiments were successfully
conducted with a 5.85 kg load pushed for 50 steps. The external forces from the
material handling equipment impacted the ability to achieve a smaller RMSE. An
acceptable overall level of error cannot be solely determined by the RMSE. By looking at the support polygon of the ZMP plot, walking failure can be determined when
the actual ZMP crosses the support polygon boundaries. Figures 6.19 (a) and (b)
showcase two randomly selected experimental runs using DRC-Hubo to push a shopping cart and a wheelbarrow respectively. Furthermore, during both experiments, the
humanoid successfully pushed the carts without major instability. Hence, measured
CoM and ZMP trajectories for the wheelbarrow presented reliable stability, as shown
in Figure 6.19(d).
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Figure 6.19: DRC-Hubo performing the proposed foot-trajectory-based walk with
arm compliance; (a) Experimental run of humanoid pushing a large size shopping
cart, (b) Experimental run of humanoid pushing a wheelbarrow cart, (c) Matlab©
simulation of the proposed whole-body walking method for a wheelbarrow-type cart,
(d) Full results compilation for wheelbarrow pushing task
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Although all the experiments so far have been conducted on a flat floor, one may
raise the question: what would happen with the robot if it had to push such objects on
uneven terrain like gravel and/or rocks? Figure 6.20 showcases a preliminary attempt
of rough terrain cart pushing experimentation. Clearly, during the times of 7 and 8
sec, the robot is losing its balance and is about to fall. Although the measured ZMP
is marginally stable before the robot steps on rough terrain, it is evident that high
instability occurs as the robot walks on rocks (5 until 8 sec).

(a) Trial

(b) x-ZMP analysis

Figure 6.20: Preliminary attempt of pushing wheelbarrow on uneven terrain
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CHAPTER 7 MATERIAL HANDLING WITH EMBODIED
LOCO-MANIPULATION
The next logical step—in eventually deploying full-sized humanoids capable of
assisting civilians during disasters—would be allowing humans to embody the robot.
Despite the important strides accomplished in the aforementioned chapters, chapter
eight carries the potential to revolutionize Avatar Humanoid technology for years to
come. Therefore, to translate the motions of a human to a humanoid, the operator
ought assume the physiology of the machine. Introducing Avatar-Hubo, one of top
operational Avatar Humanoids in the world (Figure 7.1).

Figure 7.1: Current Avatar-Hubo system where the operator embodies the robot
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7.0.1 Avatar-Hubo: a True Embodiment Teleoperation System
The Avatar-Hubo framework is designed to work across multiple systems, including the humanoid’s two computers (Motion PC and Vision PC) and a newly added
Virtual Reality (VR) computer. Therefore, the system is now designed to accommodate any additional necessary hardware. Moreover, the Avatar-Hubo framework was
built to be used over a network where all of the computers inside the system framework can communicate in real-time. A diagram showcasing the system architecture
of the Avatar-Hubo framework is shown in Figure 7.2. The Avatar-Hubo framework
is split into 3 main systems:
1. Unity, the 3D interface for the virtual reality (Avatar) interface
2. ROS, the Robot Operating System
3. PODO, the real-time system for operating Avatar-Hubo (Section 5.1.2)

Figure 7.2: System integration diagram showcasing the five main components:
Avatar-Hubo, PODO, Unity and ROS Motion/Vision

Unity is a cross-platform engine used in a wide variety of industries, especially
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in virtual and augmented reality (VR/AR) development. Running on a Windows
PC, the Unity program consists of: a simulated Unified Robot Description Format
(URDF) of Avatar-Hubo, a numerical IK solver for the upper body of the humanoid
robot for manipulation, a process rendering live pointcloud data from multiple RGBD
cameras, waypoint navigation calculations for real space, and haptic feedback information received from manipulation tasks. The main goal of the Unity interface is to
act as a control center for any task that requires the robot to deviate in position. This
gives the operator a wide variety of control options that allow for multitasking, seamless teleoperation, and a 3D view of live visual data. Furthermore, the main menu
consists of a variety of actions, such as: movement transformations, walking, different
control schemes, a waypoint placement interface for point-to-point navigation, and
haptic feedback settings for data rendered to the controllers from forces during manipulation tasks. The Robot Operating System (ROS) is an open-source framework for
popular tools, software, and devices used in the field of robotics. ROS was chosen as
the main system to communicate between Unity and other robotic devices due to its
widespread use and adaptability for future solutions and experimentation. ROS runs
on the motion computer (real-time) for the humanoid robot (Avatar-Hubo). The motion computer consists of a node that connects ROS to PODO through a TCP server
and a node that connects ROS to Unity through rosbridge. The vision computer1 ,
which processes depth images for manipulation, has one node that communicates be-

1

Currently the vision computer uses WebRTC protocol to establish real-time video
streaming.
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tween ROS and Unity. To receive data from ROS, a special thread is created through
TCP, which then writes data to the shared memory in real-time. A specific sub routine algorithm (AL) was developed for the Avatar framework to handle manipulation
and finger control. In this AL, trajectories were generated based upon desired joint
angles from the shared memory. Since the IK Solver is based in Unity, the processing
for manipulations were offloaded from the on-board PODO computer.
At first, post-processing filters were applied to the depth images obtained from
the Intel Realsense D435 Cameras to improve the versatility and smoothness of the
reconstructed data. One dimensional, edge-preserving, spatial filtering was applied to
the depth image, using 2 iterations with 20 discrete step-size boundaries and a factor
of 0.5 in an exponential moving average. A simple 4.0 meter clipping distance was
employed to eliminate unwanted data. Finally, the depth image was aligned with the
color image using extrinsic and intrinsic camera parameters. To optimize bandwidth
usage, the depth image update rate was constrained to 6 FPS. Instead of sending
pointcloud data over the network, a custom shader in Unity was used to reconstruct
and render 3D pointcloud data from the color and depth images separately. This
greatly reduces the bandwidth required to stream vision data from the robot to the
VR interface.
Two main improvements have been made to the Avatar framework since the previous iteration [10]. First, the head of the humanoid robot has been augmented to
include a single RGBD camera, mounted on a pan-tilt linkage of DYNAMIXEL servos. Utilizing a ROS script on the vision computer, the head is moved up-and-down
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and side-to-side, allowing the RGBD camera to adjust its view around the robot.
The direction of the head camera was determined via the VR headset angles acquired
through the Unity interface. The operator also has the ability to turn head tracking on and off via the buttons found on the controllers. As discussed in previous
work, the limited Field of View (FoV) of the RGBD camera used provided significant
challenges for wide-ranging visual feedback, requiring multiple cameras to access the
number of angles needed to perform manipulation tasks. The new configuration with
a moving camera allows for an even wider range of angles to be accessed, allowing the
operator to look directly at the object it is manipulating, proving to be necessary for
cart pushing tasks where the operator must look further down and left-to-right. The
updated head camera assembly, mounted on the robot, can be seen in Figure 7.3.

Figure 7.3: Operator GUI with Spot & Avatar-Hubo commands

Experimentation with a set of experienced operators was carried out to control
Avatar-Hubo through its VR interface. The operator was tasked with grabbing a set
of carts and then initiating the walking sequence for Avatar-Hubo, all using the VR
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interface. Grasping performance was measured using hand deviation for preliminary
examination; further quantitative results were collected from joint analyses during
walking. Walking performance was also measured using ZMP analysis, foot trajectory, and full-body simulation to provide results. Previous research described the
platform, alongside specs and relevant information, in detail [15]. The results collected demonstrate a successful integration of locomotion and manipulation for the
humanoid robot, as well as an effective amalgamation with the virtual teleoperation
framework. Firstly, ZMP validation has yielded positive results, as shown in Figure
7.4. One can observe that stable gait is achieved for both carts as the measured
x-ZMP remains within the confines of the support polygon. It is important to notice,
that unlike the hand cart shown in previous work [15], the shelving cart was not
being previously tested during preceding pushing experiments. On average, after the
fifth attempt at grasping the cart, the operator tends to improve cart handling tasks,
naturally ameliorating Avatar-Hubo’s overall walking performance.
The operator also has the ability to steer the cart in a desired direction. Figure
7.5 displays the measured y-ZMP during an experiment where the operator was asked
to maneuver the cart while walking. Consequently, walking stability was achieved as
the measured ZMP followed its reference. However, cart steering loco-manipulation
results in a ripple effect caused by external forces until the robot comes to a full
stop. Additionally, a low level of instability is observed when the operator steers the
humanoid’s arms, which can be seen by the lateral spikes in the measured y-ZMP.
Nonetheless, the current steering control in VR limits the speed at which the arms
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Figure 7.4: Ten trial average ZMP analysis results in the x-direction for the first seven
steps

sway left or right, hence mitigating the effects during walking. This performance can
only be acquired via a robust, material handling dynamic approach, as explained in
Section 2.

Figure 7.5: ZMP analysis in the y-direction for the first seven steps during a steering
experiment
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Figure 7.6 showcases the whole-body trajectory during a utility cart experiment.
The simulation validates the proposed whole-body kinematics approach. Additionally,
if the operator grasps the cart in an unsafe manner, upon giving the command to walk,
the whole-body simulation will flag instability, preventing the robot from executing
the motion. This is important, as during user expanded trials, operators without
significant experience using Avatar-Hubo will be asked to grasp the cart in unusual
ways.

Figure 7.6: Matlab© simulation of the proposed whole-body walking method for the
shelving utility cart

In addition, Figure 7.7 illustrates two trials with a 4-wheeled cart and a shelving utility cart. Both experiments were conducted using Avatar-Hubo. In both
experiments, the operator initially grasped the cart and then utilized the interactive
interface in VR to execute walking commands. Both experiments were successful,
and robust material handling was validated, as shown in Figure 7.
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Figure 7.7: Avatar-Hubo performing the proposed foot-trajectory-based walk with
arm compliance: (a) Experimental run of the humanoid pushing a 4-wheeled hand
cart, (b) Experimental run of the humanoid pushing a shelving utility cart

Finally, Avatar-Hubo’s technology and advancements in manipulation and locomotion were put to test during the ANA Avatar Xprize Semifinals in September 2021.
At the time of writing, Team Avatar-Hubo has qualified for the Finals in 2022, ranking 6th place among 38 international teams. A full publication depicting the new
state-of-the-art Avatar Robotics technology of Avatar-Hubo will be released in 2022.
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CHAPTER 8 CONCLUSION
This dissertation showcased new advancements in the field of humanoid material
handling loco-manipulation robotics. Furthermore, it demonstrates a wide variety of
experiments derived upon the implementation of the previously discussed methodology. Some of the outstanding contributions stemming from this work include: superior walking algorithms via Capture Point; Arm compliance for material handling;
expansion of whole-body kinematics derived from the weighted least-norm method;
hardware improvements (of both Darwin-OP and DRC-Hubo); and a new integrated
robotics interface, where, via ROS, the humanoid can easily adapt to additional
robotic systems.
Several of the legacy materials developed over the past five years will be used
by upcoming students for the foreseeable future. This is comprised of a redesigned
DRC-Hubo/Avatar-Hubo Graphical User Interface (GUI) which allows students to
monitor the stability of walking tasks in real-time, along with a comprehensive general system algorithm (with descriptive comments) which allows future researchers
to quickly expand upon the hardware’s current capabilities. Far-reaching simulation
packages, where one can evaluate new proposed approaches before carrying real-world
experiments on the physical humanoid, were also implemented. Additionally, in cooperation with other students, the newest version of Hubo (Avatar-Hubo) is its most
human-centered iteration yet, capable of translating motions and haptic sensations
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to (and from) the operator. The latter gave newfound abilities to the humanoid (and
the operator) that can (and likely will) be applied in the realms of material handling
and loco-manipulation for years to come.
Many applications were tested throughout this work, such as: water bucket carrying; the autonomous pushing of myriads of carts; and the generalized manipulation
of arbitrary objects with human-like movements via the newly developed Avatar system. Furthermore, the robustness of the system was then evaluated by analyzing
the ZMP trajectories to ensure locomotive stability. Despite the success of previously
attempted tasks, towards the end of this work, a broad approach to material handling
loco-manipulation was needed. Therefore, the development of Hubo’s current iteration, ”Avatar-Hubo”, was conceived in a way that added human intuition to material
handling loco-manipulation tasks, as mentioned above.
For future work on human-robot embodiment, one may observe how people teleoperating humanoids intuitively grasp and push carts. With proper sensor placement on
the robot and the operator, one might be able to apply machine learning (ML) models
to automate the process of grasping and pushing carts, aiding significantly in the process of eventually automating generalized material handling loco-manipulation. This
may be done through the employment of reaction force data, embodied data (specifically movement primitives and object affordances), and object interaction data, one
may have sufficient training data for future machine learning. In a sense, a “LeaderFollower” system is developed where the Human Operator is the Leader and AvatarHubo is kinematically (and dynamically) the Follower. Furthermore, when taking

112

this approach, the “human operator’s impedance” will have to be measured to be
transferred to the robot for proper “tele-impedance”. Hence future work entails the
development of Avatar technology as a surrogate to try to capture the affordance
data (rather than outsourcing this to a random ML algorithm). The Avatar technology approach, which is ultimately the natural extension of this work, will likely be
expanded on a future five year term research.
In summary, the broad objective—the ultimate goal of the previous five years
of work—has been achieved. That objective was to vastly increase the capabilities
of humanoids when interacting with commonly-used objects. Further development
and refinements in the findings from this research may, one day, allow humanoids
to provide disaster relief for those in dire need. In fact, by furthering the idea of
Avatar-based embodiment (investigated in Chapter 7), trained experts may perform
their crucial work via the robot from hundreds (perhaps even thousands) of miles
away.
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